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Abstract 
 
Submerged vanes are low aspect ratio flow-training structures mounted vertically on the channel 
bed to control the sediment movement in the channel cross section, and have been utilized in 
various applications, such as prevention of bank erosion, sediment exclusion at water intakes, 
and deepening channels for navigation. The performance of a submerged vane is related to its 
dimensions and shape.  
 
The vanes designed to modify the near-bed flow pattern and redistribute flow and sediment 
transport within the channel cross-section. The structures are installed at an angle of attack of 
typically 10 to 20 degrees with the flow, and their initial height is 0.2 to 0.4 times the local water 
depth at design stage. 
 
The vanes function by generating secondary circulation in the flow. The circulation alters 
magnitude and direction of the bed shear stresses and causes a change in the distribution of 
velocity, depth, and sediment transport in the area affected by the vanes. As a result, the river-
bed aggrades in one portion of the channel cross-section and degrades in another. 
 
Most of the previous laboratory research on submerged vanes has been performed at the 
University of Iowa, Iowa Institute of Hydraulic Research (IIHR). Investigations by Odgaard and 
colleagues led to the development of design guidelines for vane systems. Results of recent 
studies, however, indicate that the theoretical relations by Odgaard et al. are subjected to 
complete and accurate some characterizations of the hydrodynamic behavior of the vane; most of 
them are to predict the experimental lift and drag forces exerted on vanes, the theory calculated 
that forces and pressures theoretically. Furthermore, the experimental vertical pressures acting on 
both sides of submerged vanes are still undefined, though of outmost importance to vane design.  
 
In our investigation we achieved to measure that vertical pressures acting on both sides of 
submerged vane, calculate lift and drag forces, lift and drag coefficients experimentally.     
 
Present study investigatesexperimentally the hydrodynamic characterization of submerged 
vanesas; velocities fields, circulation, vorticity, bed topography, pressures, drag and lift forces 
with its coefficients. Second part, study physical fluid turbulence of submerged vanes 
 iv 
 
as;Reynolds normal and shear stresses, turbulent kinetic energy and rate of dissipation, 
turbulence intensities, Kolmogorov scales, kinetic energy spectrum, turbulent velocities fields, 
fluctuating velocities and finally Reynolds stresses histograms.  
 
All our dissertation based on experimental study through a huge laboratory data using a cross 
section of a straight alluvial recirculating rectangular channelat the Morphodynamics Laboratory 
(designed by Prof. Allen Bateman) of the Department of Hydraulic, Maritime and Environmental 
Engineering, School of Civil Engineering and Ports of Barcelona at the Barcelona Tech. 
University – UPC – Spain.  
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 Chapter  1: Introduction 
 
1.1 Overview 
 
Submerged vanes are small flow-training structures (foils), designed to modify the near-bed flow 
pattern and redistribute flow and sediment transport within the channel cross section. The 
structures are installed at an angle of attack of typically 10 to 20 degrees with the flow, and their 
initial height is 0.2 to 0.4 times the local water depth at design stage according to Odgaard, A.J. 
and Wang, Y. 1991.   
 
The vanes function by generating secondary circulation in the flow. The circulation alters 
magnitude and direction of the bed shear stresses and causes a change in the distribution of 
velocity, depth, and sediment transport in the area affected by the vanes. As a result, the riverbed 
aggrades in one portion of the channel cross-section and degrades in another (Fig. 1.1 left). 
 
To illustrate the concept, consider two vanes placed near the centerline of a rectangular channel 
as shown in figure 1.1 right. The view in the figure is toward downstream and before water is 
admitted to the flume. The vanes angled at 20 degrees with centerline of the channel. The figure 
shows the circulation that the vanes induce in the flow downstream from the vanes.  
 
 
Figure 1.1 Submerged vanes at centerline of open channel cross-section. Vanes redistribute flow and sediment transport 
within a channel (left), and view downstream before water was admitted (right), Odgaard, A. J. 2009. 
 
Typically, vanes are installed in arrays along one side or both sides of a river channel over a 
reach long enough to create desired flow redistribution. Their advantage over traditional training 
structures, such as dikes and groins, is that they can produce a given redistribution of flow at less 
resistance to the flow and at less cost, as mentioned in Odgaard, A. J. 2009. Whereas groins and 
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dikes, which are usually placed normal to the flow, produce flow redistribution by simple 
continuity and drag force, vanes produce flow redistribution by vorticity as explained in details 
in section 4.3, chapter 4.  
 
Because they are nearly aligned with the flow, the associated drag force is relatively small, as 
indicated in section 4.5.2, chapter 4. Their alignment also eliminates the problem of structural 
stability associated with local scour, which is often a concern with the traditional structures. 
 
An important point in regard to flow resistance is that the resulting lower velocity within the 
vane field not only causes a reduction in flow depth, but also results in dunes in the vane field 
that are smaller than prior to the installation of vanes, as described in section 4.2, chapter 4. 
 
So, in the vane field, the increase of flow resistance due to vane-induced drag is partially 
outweighed by the decrease of flow resistance due to smaller size of bed forms. As a result, the 
overall change in water-surface slope is often negligible. This feature makes the vanes ideally 
suited for sustainable adjustments of flow in the river; see Odgaard, A. J. 2009.  
 
The secondary current forces high-velocity surface current outward and low-velocity near-bed 
current inward (Fig. 1.2 left). The increase in velocity at the outer bank increases the erosive 
attack on the bank, causing it to fail. 
 
 
Figure 1.2 Submerged vanes for mitigating bank erosion. Naturally occurring current in river bend (left); Vane-induced 
secondary current eliminates the naturally occurring secondary current and stabilizes the bank (right). Odgaard, A. J. 
2009. 
 
By directing the near bed current toward the outer bank, the submerged vanes counter the 
centrifugally induced secondary current, thereby inhibiting bank erosion.   
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The vanes stabilize the toe of the bank (Fig. 1.2 right). Laboratory tests by Odgaard, A. J. 2009 
have confirmed that a vane layout can be designed that makes the water and sediment move 
through a river curve as if it were straight.  
 
1.2 Statement of the Problem 
 
The submerged vane technique is a new and not so well documented whose promise is becoming 
more evident every day. Previous studies suggest that this technique has a broad range of 
applications; vanes have already been installed in many rivers throughout the world. Feedback 
from these sites has resulted in an improved understanding of the functioning of vanes and 
improved design basis. 
 
The cost of a vane installation is generally lower than that of a comparable traditional river 
training structure. The cost of the East Nishnabotna River vanes installation for example, was 
(per meter bank) about half the cost of a rock riprap embankment installed at the same time 
along a comparable reach of the nearby Raccoon River.   
 
Although the literature indicates that vanes, or panels, similar to those discussed here have been 
used in the past for river-channel stabilization (Potapov and Pyshkin 1947; Chabert et al. 1961; 
Jansen et al. 1979), little is documented on vane design and performance. Recently have efforts 
been made to optimize vane design and document performance. These efforts have targeted three 
broad areas of application: (a) bank protection, (b) shoaling amelioration, and (c) sediment 
control at diversions and water intakes. 
 
The majority of experimental research on submerged vanes has been done at the Iowa Institute of 
Hydraulic Research IIHR, University of Iowa (Odgaard and Wang, 1991b, 1999; Odgaard and 
DeWitt, 1989; Odgaard and Spoljaric, 1989, 1986a, 1986b; Odgaard and Mosconi, 1987; 
Odgaard and Lee, 1984; and Odgaard and Kennedy, 1983). The literature indicates that all of the 
laboratory research on submerged vanes has been conducted in essentially six different flumes 
(table 1.1).  
 
Although, submerged vanes are primarily designed to alter the secondary currents in channel 
bends, only two of the six channels described in table 1.1 incorporate bend sections along their 
 4 
 
lengths. Moreover, the tests performed in these channels were for “wide-channel” conditions 
only (Chow, 1959 defines a wide channel as one with a width/depth ratio greater than 10). Since 
the majority of small eroding streams are narrow, there is an obvious gap in research 
contributions regarding submerged vanes application. 
 
Table 1.1    Descriptions of previously used channels. 
 
 
Channel 
Configur
ation 
 
Cross-section 
Shape 
 
Bend 
Angle, 
φ 
 
Bend 
Radius, r 
(m) 
 
Channel 
Width, b 
(m) 
Curvat
ure 
Ratio, 
r/b 
 
Flow Depth, d 
(m) 
 
Width/Depth 
ratio, b/d 
Straight 
Straight 
Straight 
Straight 
Curved 
Curved 
Rectangular 
Rectangular 
Rectangular 
Rectangular 
Sloped walls 
Vertical outer wall-
sloped inner wall 
N/A 
N/A 
N/A 
N/A 
180º 
90º 
N/A 
N/A 
N/A 
N/A 
13.1 
13.1 
0.61 
1.50 
1.83 
2.44 
2.44 
1.94 
N/A 
N/A 
N/A 
N/A 
5.37 
6.75 
0.10 < d < 0.25 
0.15 < d < 0.40 
0.15 
0.16 < d < 0.18 
0.1 
0.16 < d < 0.18 
2.4 < b/d < 6.1 
3.8 < b/d < 10 
12.2 
13.6 < b/d < 15.3 
24.4 
10.8 < b/d < 12.1 
 
 
Previous experimentation on the use of submerged vanes to control and reduce scour, though 
unquestionably valuable, has nonetheless left a large research gap. Literatures indicate that the 
majority of past research was performed at the Iowa Institute of Hydraulic Research IIHR, 
University of Iowa (Odgaard and Wang, 1991b, 1990; Odgaard and DeWitt, 1989; Odgaard and 
Spoljaric, 1989, 1986a, 1986b; Odgaard and Mosconi, 1987; Odgaard and Lee, 1984; and 
Odgaard and Kennedy, 1983). The two Iowa test channels that incorporated bends had r/b = 5.37 
and 6.75 (where b = channel width, and r = radius from curve center to channel centerline). 
These values are sufficiently outside of the r/b range to render them inappropriate for properly 
representing natural river conditions. Furthermore they inadequately represent those rivers that 
experience the highest rates of bend migration.  
 
On account of the results of recent experiments, the extent to which theoretical relations 
developed by Odgaard et al. are able to accurately predict the lift and drag forces exerted on 
submerged vanes is under discussion. 
 
Experimental vertical pressures acting on both sides of submerged vanes are still undefined, that 
outmost importance to vane design.  
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The theory of Odgaard applies for a restricted range of angle of attack only, while recent 
investigations demonstrated that vanes at higher angle of attack lead to stronger vane-induced 
vortices.  
 
Although local scour plays an important role by vane design, hardly any information is available 
about scour development at submerged vanes and the effects of local scour on the flow past 
vanes at initial vane height and angle of attack. 
 
The problem of riverbank scour is the result of complex interactions, which are dependent on 
stream flow characteristics, sediment transport capacity of the stream, riverbank stability and the 
effects of man´s activities. The secondary current tends to erode or scour the outer bank by 
moving the sediment at the channel bed laterally from the outer bank to the inner bank. This 
process once initiated, is further exaggerated as the newly depended section near the outer bank 
allows the heavily concentrated longitudinal flow to attack the bank at an even greater intensity. 
 
Finally, studying physical fluid dynamics, as studying turbulences experimentally, occurring 
around the submerged vanes, are still ignored by scientists in that field.    
 
Tow vane design methods have been developed (Odgaard and Lee, 1984; Odgaard and Wang, 
1991a). The older method is based on the use of vanes to reduce or eliminate channel transverse 
bed slope, while the newer method is based on the elimination of the transverse bed shear stress. 
For the channel conditions examined in the present study, neither method is directly applicable. 
The first method assumes that the transverse bed slope is linear and the second method assumes 
that the channel is wide in the reduction of the three-dimensional equations of motions.  
 
1.3 Objectives 
 
Objectives of current work are analysis andinvestigate the main principles of turbulence 
modeling in submerged vanes flow structures and physical fluid characteristics of submerged 
vanes through experimental studies using huge data from laboratory, investigation results are 
classified intotwo sections; first section contains: analysis of streamwise, transverse and vertical 
velocities distributions along the cross sectional area of the experimental channel, circulation 
calculations, vortex formation analysis, vorticity calculations, bed topography, thenexperimental 
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pressures and forces analysis as the experimental vertical pressures acting on both sides of 
submerged vanes, lift and drag forces, drag and lift coefficients experimental calculations, finally 
second section contains:turbulence analysis as, Reynolds normal and shear stresses, turbulent 
kinetic energy and rate of dissipation, turbulence intensities, Kolmogorov scales, kinetic energy 
spectrum, turbulent velocities fields, fluctuating velocities and Reynolds stresses histograms.  
 
1.4 Document Outlines 
 
Present investigation were done to describing the physical fluid dynamics characterization of 
submerged vanes performance through experimental analysis using a wide straight channel, 
located at the laboratory of the Department of Hydraulic, Maritime and Environmental 
Engineering (DEHMA) – Building D1 – Campus Nord – Technical University of Catalonia – 
Barcelona Tech UPC – Spain.  
 
Chapter two of the dissertation is divided into three main sections, the first section, presents 
submerged vanes theory, Velocity Distributions and Vane-Induced Bed Shear Stresses, 
Governing Equations, Reduction of Equations, Solution, restrictions to theory. The second 
section presents Design Objectives of Submerged Vanes, including: stabilization of river-bank, 
stabilization of river-bed, sediment control at water intake or diversion and Channel Alignment 
Stabilization. Finally, the third section explains Previous Studies of Submerged Vanes.    
 
Chapter three describes the experimental devices and apparatus, including the experimental 
channel used, sediment characteristics, channel depth. Also presents boundary conditions that 
governed the testing program are discussed. These required either preliminary experimentation 
or through investigations to determine their relative importance and impact, design of vane, vane 
placement, and test duration, flow and velocities devices, installation and measurements, bed 
topography measurements, and finally pressure system, installation and measurements.  
 
Chapter four, experimental submerged vanes results and discussion, start with streamwise, 
transverse, and vertical velocities distributions analysis, circulations calculations, vorticity 
calculations, then continued by describes bed topography results, the last section in this chapter 
includes, experimental pressures results, experimental drag and lift forces analysis, drag and lift 
coefficients experimental results. 
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Chapter five includes experimental submerged vanes turbulence results and discussion, start with 
Probability Distribution of the Velocity Field, Reynolds normal and shear stresses, turbulent 
kinetic energy and rate of dissipation, turbulence intensities, Kolmogorov scales, kinetic energy 
spectrum, turbulent velocities fields, finally, fluctuating velocities and Reynolds stresses 
histograms.  
 
The summary, conclusions and future research needs are presented in chapter six. 
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Chapter  2: Theory and Previous Studies 
 
2.1 Submerged Vanes Theory 
 
Sediment management, in particular the control of sediment movement, scour, and deposition, is 
one of the most difficult problems encountered by river engineers. Bed scour along the outer 
bank of river curves frequently causes undermining of the banks and loss of soil. Deposition of 
sediment often reduces flood-conveyance capacity of rivers and interferes with navigation. The 
main difficulty in the engineering treatment of these problems is the absence of effective, 
affordable measures to control the movement of sediment. 
 
A technique for which potentials as a control measure have not been fully explored is the 
submerged-vane technique. Both laboratory and field tests (Odgaard and Kennedy 1983; 
Odgaard and Spoljaric 1986; Odgaard and Mosconi 1987; Wang 1989; Fukuoka 1989; Fukuoka 
and Watanabe 1989) suggest that this technique has a broad range of applications. The vanes are 
small flow-training structures (foils), designed to modify the near-bed flow pattern and 
redistribute flow and sediment transport within the channel cross section. The structures are 
installed at an angle of attack of 15-25° with the flow, and their initial height is 0.2-0.4 times 
local water depth at design stage. The vanes function by generating secondary circulation in the 
flow. The circulation alters magnitude and direction of the bed shear stresses and causes a 
change in the distributions of velocity, depth, and sediment transport in the area affected by the 
vanes. As a result, the riverbed aggrades in one portion of the channel cross-section and degrades 
in another. 
 
Although the literature indicates that vanes, or panels, have been used in the past for river-
channel stabilization (Potapov and Pyshkin 1947; Potapov 1950, 1951; Chabert et al. 1961; 
Jansen et al. 1979), little is documented on vane design and performance. The first known 
attempts to develop a theoretical design basis were by Odgaard and Kennedy (1983) and 
Odgaard and Spoljaric (1986). Odgaard and Kennedy's efforts were aimed at designing a system 
of vanes to stop or reduce bank erosion in river curves. In such an application, the vanes are laid 
out so that the vane-generated secondary current eliminates the centrifugally induced secondary 
current, which is the root cause of bank undermining. The centrifugally induced secondary 
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current in river bends, also known as the transverse circulation or helical motion, results from the 
difference in centrifugal acceleration along a vertical line in the flow because of the no uniform 
vertical profile of the velocity. The secondary current forces high-velocity surface current 
outward and low-velocity near-bed current inward. The increase in velocity at the outer bank 
increases the erosive attack on the bank, causing it to fail. By directing the near-bed current 
toward the outer bank, the submerged vanes counter the centrifugally induced secondary current 
and, thereby, inhibit bank erosion. The vanes can be laid out to make the water and sediment 
move through a river curve as if it were straight. A field test with this application was conducted 
in a bend of East Nishnabotna River in Iowa (Odgaard and Mosconi 1987). The results from this 
test were very satisfactory. Other successful field tests were reported by Fukuoka and Watanabe 
(1989) and Kunzig (1989). 
 
The technique was subsequently developed to ameliorate shoaling problems in rivers. This 
application was suggested by laboratory tests (Odgaard and Spoljaric 1986), in which vanes were 
laid out to change the cross-sectional profile of the bed in a straight channel. Significant changes 
in depth were achieved without causing significant changes in cross-sectional area, energy slope, 
and downstream sediment transport. The changes in cross-sectional average parameters are small 
because the vane-induced secondary current changes the direction of the bed shear stress by only 
a small amount. 
 
The theory develops the relationship between vane characteristics and induced bed shear 
stresses. This relationship is then incorporated into the governing flow equations, which are 
solved to obtain flow and depth distributions in the channel. 
 
2.1.1 Velocity Distributions and Vane-Induced Bed Shear Stresses 
 
A submerged vane at a small angle of attack with the flow induces a horizontal circulation in the 
flow downstream (figure 2.1). The circulation arises because the vertical pressure gradients on 
the two surfaces of the vane (the pressure increasing from bottom to top on the low-pressure 
side, decreasing from bottom to top on the high-pressure side) cause the fluid flowing along the 
high-pressure side to acquire an upward velocity component, while on the low-pressure side 
there is a downward velocity component. The resulting vortices (vortex sheet) at the trailing edge 
11 
 
of the vane roll up to form a large vortex 
springing from a position near the top of the vane. 
This vortex (tip vortex) is carried with the flow 
downstream, where it gives rise to a secondary or 
helical motion of the flow and associated changes 
in bed shear stress and bed topography (figure 
2.2). These changes can be calculated as indicates 
in chapter 4.  
 
The tip vortex is described as a steady potential 
vortex. Its strength decays because of viscous diffusion as the vortex is transported downstream. 
In an unbounded flow field, the tangential velocity perpendicular to the core axis of such a 
vortex is (Lamb 1932): 
 
𝑣𝜃 =
Γ𝑜
2𝜋𝑟
[1 − 𝑒(−
𝑢
4Ԑ𝑠
𝑟²)]                                                  (2.1) 
 
In which r = distance from core of vortex; ε = eddy viscosity; 𝑠 = downstream distance; 𝑢 = 
velocity of fluid transporting the vortex or velocity approaching vane; and Γ𝑜= horizontal 
circulation at 𝑠 = 0. 
 
 
Figure 2.2Schematic showing vane-induced change in bed profile, Odgaard and Wang (1991). 
 
In a bounded flow field,  𝑣𝜃 is obtained by the method of images. With the boundaries in a river 
channel being the streambed and free surface, the transverse component of  𝑣𝑛 (the component 
perpendicular to the z-axis) at distance z from the streambed is:  
 
 𝑣𝑛 = ∑ (−1)
𝑖+1∞
𝑖=1
𝛤𝑜
2𝜋𝑟𝑖
[1 − 𝑒
𝑢
4Ԑ𝑠
𝑟𝑖
2
]
𝑧𝑖−𝑧
𝑟𝑖
+ ∑ (−1)𝑗+1∞𝑗=1
𝛤𝑜
2𝜋𝑟𝑗
[1 − 𝑒
𝑢
4Ԑ𝑠
𝑟𝑗
2
]
𝑧𝑗−𝑧
𝑟𝑗
         (2.2) 
 
Figure 2.1Schematic of flow situation showing vane-
induced circulation, Odgaard and Wang (1991). 
 
 12 
 
In which the first summation includes contributions from the real vortex and images above the 
free surface; the second summation is the contributions from the images below the stream bed; 𝑟𝑖 
and 𝑟𝑗 = distances from the core of vortex 𝑖 and 𝑗, respectively; and 𝑧𝑖 and 𝑧𝑗 = vertical distances 
from stream bed to core of vortex 𝑖 and 𝑗, respectively.  
 
Because of the pressure difference between the vane's pressure and suction sides (see section 4.5 
– chapter 4), the vortex core is somewhat below the top elevation of the vane. Calculations [see 
Milne-Thomson (1966), page 209] and data (Odgaard and Spoljaric 1989; Wang 1990) show that 
the core is about 0.2 times the vane height below the top elevation of the vane. 
 
The horizontal circulation Γ𝑜can be evaluated by relating it to the horizontal lift force,𝐹𝐿that the 
vane exerts on the flow (figure 2.1). This lift force has the same magnitude as the force that the 
flow exerts on the vane, which, according to the Kutta-Joukowskii theorem (Sabersky and 
Acosta 1964), is proportional to the vertical circulation around the vane associated with the shift 
of the rear stagnation point to the trailing edge of the vane. This vertical circulation𝛤, in turn, is 
equal to the horizontal circulation Γ𝑜(Helmholz's second theorem). Consequently,𝐹𝐿 = 𝜌𝛤𝑢𝐻 
where 𝜌 = fluid density and 𝐻 = vane height.    
 
From the velocity field thus calculated, the near-bed transverse velocity component is obtained 
with z = 0 
 𝑣𝑣𝑛 =
𝐹𝐿
𝜋𝜌𝑢𝐻
∑
(−1)𝑗+1
𝑟𝑗
[1 − exp (−
𝑢
4Ԑ𝑠
𝑟𝑗
2).]
𝑧𝑗
𝑟𝑗
∞
𝑗=1                                (2.3)
 
 
In which subscript n denotes the transverse direction. In this equation, it is assumed that there are 
as many vortices above the stream-bed (including the real vortex) as there are below. 
 
The induced transverse bed shear stress𝜏𝑣𝑛 can now also be calculated. The assumption is made 
that 𝜏𝑣𝑛 has the same ratio to the streamwise bed shear stress 𝜏𝑏𝑠 as 𝑣𝑣𝑛 to a certain streamwise 
near-bed velocity 𝑢𝑏. 
𝜏𝑣𝑛
𝜏𝑏𝑠
=
𝑣𝑛
𝑢𝑏
                                                                   (2.4) 
To proceed, a power-law velocity profile is adopted: 
𝑢
𝑢
=
𝑚+1
𝑚
[
𝑧
𝑑
]
1
𝑚
                                                              (2.5) 
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In which 𝑢 = point velocity at height 𝑧 above the bed; 𝑑 = flow depth;𝑢 = depth-averaged 
velocity; and 𝑚 = resistance coefficient, which is related to the Darcy-Weisbach friction factor 𝑓 
as 𝑚 = 𝑘√8/𝑓 (Zimmermann and Kennedy 1978);𝑘 = von Karman constant (0.4). Hence, 𝑚 =
𝑘?̅?/√𝑔𝑆𝑑, where 𝑆 = longitudinal slope of the water surface, and 𝑔 = acceleration due to 
gravity. With this velocity profile, 𝜏𝑏𝑠, vane-approach velocity 𝑢𝑎 and 𝑢𝑏 are related to ?̅? as 
𝜏𝑏𝑠 = 𝜌𝑘
2?̅?2/𝑚, 𝑢𝑎 = ?̅?(𝐻/𝑑)
1
𝑚⁄   (average over height of vane) and 𝑢𝑏 = ?̅?/𝑘, where 𝑘 = 
function of 𝑚. The downstream decay of 𝜏𝑣𝑛, and 𝑣𝑣𝑛 is controlled by ε. Since bed resistance is 
the major factor causing decay (Odgaard and Spoljaric 1989), ε is obtained from the power law 
and an assumed linearly distributed primary-flow shear stress, so that Ԑ =
𝑘2𝑢 𝑑
6𝑚 (1+1 𝑚⁄ )(1−
1
2𝑚⁄ )(1−
1
3𝑚⁄ )
. By substituting equation (2.3) into equation (2.4), the transverse bed 
shear stress is: 
𝜏𝑣𝑛 = 𝐹𝐿𝑓𝑣                                                             (2.6) 
Where: 
𝑓𝑣 =
𝑘 𝐾2
𝜋 𝑚2𝐻
𝑢
𝑢𝑎
∑
(−1)𝑗+1
𝑟𝑗
[1 − exp (−
𝑢𝑎
4 Ԑ 𝑠
𝑟𝑗
2)]
𝑧𝑗
𝑟𝑗
∞
𝑗=1                             (2.7) 
 
It follows that the streamwise (𝑠) component of the induced bed shear stress is:  
 
𝜏𝑣𝑠 = 𝐹𝐷 𝑓𝑣                                                              (2.8) 
 
Where𝐹𝐷 = drag force associated with 𝐹𝐿 = lift force. Both 𝐹𝐿 and 𝐹𝐷 are most easily calculated 
by relating them to dynamic pressure as: 
𝐹𝐿 =
1
2
 𝐶𝐿  𝜌 𝐿 ∫ 𝑢
2 𝑑𝑧
𝐻
0
                                                          (2.9) 
And: 
𝐹𝐷 =
1
2
 𝐶𝐷 𝜌 𝐿 ∫ 𝑢
2 𝑑𝑧
𝐻
0
                                                   (2.10) 
In which 𝐿 = vane length; and 𝐶𝐿, 𝐶𝐷 = lift and drag coefficients. By substituting equation (2.5) 
into equation (2.9) and (2.10), the lift and drag forces are:  
 
𝐹𝐿 =
1
2
 𝐶𝐿 𝜌 𝐿 𝐻 ?̅?
2 (𝑚+1)
2
𝑚 (𝑚+2)
[
𝐻
𝑑
]
2
𝑚
                                          (2.11) 
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And: 
𝐹𝐷 =
𝐶𝐷
𝐶𝐿
𝐹𝐿                                                             (2.12) 
By assuming that the distribution of the vertical circulation around the vane is elliptical, 
maximum at the bed and zero at the top of the vane, the lift coefficient is (Odgaard and Mosconi 
1987): 
𝐶𝐿 = 2 𝜋 (𝛼 −
𝐶𝐿
2 𝜋 𝐻
𝐿
) =  
2 𝜋 𝛼
1+ 
𝐿
𝐻
                                               (2.13) 
 
The corresponding drag coefficient is determined by:  
 
𝐶𝐷 =
1
2 𝜋
𝐿
𝐻
 𝐶𝐿
2
                                                         (2.14) 
 
A wider area is affected if two or more vanes are 
employed. If the vanes are arranged in an array, as 
shown in figures (2.3) and (2.4), the width of the 
affected area is increased. However, because of 
interaction between tip vortices, the strength of 
the induced circulation is then less than that 
obtained by simple superposition of individual 
vorticity fields. 
 
The total circulation induced by an array of equally sized, equally angled vanes is obtained by 
adding the circulations of individual vanes, provided these are adjusted by an interaction 
coefficient 𝜆, which is a function of vane spacing 𝛿𝑛 and vane dimensions 𝐻 and 𝐿. 
 
Figure 2.4Schematic showing change in bed profile induced by array of three vanes, Odgaard and Wang (1991). 
 
It follows from this model that for a vane array to generate a coherent circulation downstream, 
vane spacing must be less than about two to three times vane height. When the spacing is two to 
three times the vane height, 𝜆 is of the order 0.9. If the spacing is larger, the vane array will 
 
Figure 2.3   Schematic showing circulation induced 
by array of three vanes, Odgaard and Wang (1991). 
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generate a system of individual vortices and be less efficient. By incorporating the coefficient 𝜆 
in the function 𝑓𝑣, the resulting stress distribution downstream from a vane array is obtained by 
summation of the stress distributions associated with the individual vanes in the array.  
 
To sustain a certain induced circulation and induced bed shear stress downstream, the vane array 
must be repeated at intervals in the downstream direction. The distance between the arrays, 𝛿𝑠 
depends on the design objective, which must stipulate lower limits on induced stresses. 
 
Within a vane field consisting of equal-sized, equal-spaced vanes, the area-averaged induced bed 
shear stresses are: 
𝜏𝑣𝑛̅̅ ̅̅ =  
𝐹𝐿𝜆𝛽
𝐴𝑣
                                                         (2.15) 
And: 
𝜏𝑣𝑠̅̅ ̅̅ =  
𝐹𝐷𝜆𝛽
𝐴𝑣
                                                         (2.16) 
In which 𝐴𝑣 = 𝛿𝑛. 𝛿𝑠; Over-bars indicate area averaging; and (𝛽 = factor arising from averaging 
process (Wang 1990). It follows that; if the vane field covers an area 𝐴 and the total number of 
vanes is 𝑁, 𝐴𝑣 =
𝐴
𝑁⁄ . In the subsequent analysis, it is assumed that the vanes affect the flow 
field through these induced bed shear stresses.  
 
2.1.2 Governing Equations 
 
The coordinate system used is shown in figure 2.1. The s-axis is along the channel centerline, 
positive in the streamwise direction; the n-axis is perpendicular to the s-axis and positive toward 
the concave bank; and the z-axis is vertically upward from the stream-bed. If the channel is 
straight, the 𝑛 −axis is positive toward the bank that is concave in the preceding bend upstream. 
The velocity components (time averaged) in the 𝑠 −, 𝑛 −, and 𝑧 −directions are denoted 𝑢, 𝑣, 
and 𝑤, respectively. The equations of motion are:  
 
𝑢
𝜕𝑢
𝜕𝑠
+ 𝑣
𝜕𝑢
𝜕𝑛
+ 𝑤
𝜕𝑢
𝜕𝑧
+
𝑢𝑣
𝑟
= −
1
𝜌
𝜕𝑝
𝜕𝑠
+ 𝜏𝑠                                   (2.17) 
𝑢
𝜕𝑣
𝜕𝑠
+ 𝑣
𝜕𝑣
𝜕𝑛
+ 𝑤
𝜕𝑣
𝜕𝑧
−
𝑢2
𝑟
= −
1
𝜌
𝜕𝑝
𝜕𝑛
+ 𝜏𝑛                                    (2.18) 
𝑢
𝜕𝑤
𝜕𝑠
+ 𝑣
𝜕𝑤
𝜕𝑛
+ 𝑤
𝜕𝑤
𝜕𝑧
+ 𝑔 = −
1
𝜌
𝜕𝑝
𝜕𝑧
+ 𝜏𝑧                                    (2.19) 
 16 
 
In which 𝑟 = local radius of curvature; 𝑝 = pressure; 𝜏𝑠, 𝜏𝑛, 𝜏𝑧 = shear stress terms in the 𝑠 −, 
𝑛 −, and 𝑧 −directions, respectively; and 𝑔 = acceleration due to gravity. The curvature is 
assumed to be sufficiently small that the metric coefficients are approximately unity. The 
continuity equations for flow and sediment read:  
 
𝜕𝑢
𝜕𝑠
+
1
𝑟
𝜕(𝑣𝑟)
𝜕𝑛
+
𝜕𝑤
𝜕𝑧
= 0                                                       (2.20) 
And 
𝜕𝑞𝑠
𝜕𝑠
+
1
𝑟
𝜕(𝑞𝑛𝑟)
𝜕𝑛
= 0                                                           (2.21) 
 
In which 𝑞𝑠, 𝑞𝑛 = volumetric bed-load transport per unit width in the 𝑠 − and 𝑛 −directions, 
respectively. For 𝑟 → ∞, equations (2.17) – (2.21) describe the flow in straight channels.  
 
2.1.3 Reduction of Equations 
 
Some of the terms in the flow equations can be immediately disregarded because of their obvious 
smallness. In rivers, the depth of flow 𝑑 is small compared with width 𝑏, so that 𝑑 𝑏⁄  ≪ 1; and 
radius of curvature, 𝑟, is generally larger than width. Under such conditions, 𝑣 is of the order of 
𝑢 (𝑑 𝑏⁄ ) and 𝑤 is of the order of 𝑣 (
𝑑
𝑟⁄ ) or 𝑢 (
𝑑
𝑏⁄ )(
𝑑
𝑟⁄ ). Consequently, all terms in the 
governing equations containing w can be eliminated, and the stress terms are reduced to 𝜏𝑠 =
(1 𝜌⁄ ) (
𝜕𝜏𝑠
𝜕𝑧
) and 𝜏𝑛 = (
1
𝜌⁄ ) (
𝜕𝜏𝑛
𝜕𝑧
). Since equation (2.19) is now reduced to the hydrostatic 
condition, the pressure terms in equations (2.17) and (2.18) can be written in terms of the slope 
of the water surface, 𝑆 in the streamwise direction and 𝑆𝑟 in the transverse direction. It is further 
assumed that the flow situation is fully developed so that the 𝜕 𝜕𝑠⁄  terms are zero. This implies 
that the depth-average of 𝑣 is also zero.  
 
By applying the kinematic boundary conditions at the free surface and bed, the depth-averaged 
equations of motion read: 
𝜌 𝑔 𝑆 𝑑 = 𝜏𝑏𝑠 + 𝜏𝑣𝑠                                                     (2.22) 
𝜌 𝑔 𝑆𝑟 𝑑 = 𝜏𝑏𝑛 − 𝜏𝑣𝑛 − 𝜌 ?̅?
2 𝑑
𝑟
                                             (2.23) 
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In which 𝜏𝑏𝑠, 𝜏𝑏𝑛 = bed-shear stresses in the 𝑠 − and 𝑛 −directions respectively, the effect of the 
submerged vanes on the flow field is accounted for by the distributed stress field (𝜏𝑣𝑠, 𝜏𝑣𝑛). The 
unknowns in these equations are ?̅?, 𝑆𝑟, 𝑑, and 𝜏𝑏𝑛. 
 
An additional equation is obtained from a force balance for bed-load particles on a transverse 
slope. The force balance includes drag, gravity, lift, and friction force. At fully developed 
conditions, the balance yields (Odgaard 1989a):  
 
𝑑(𝑑)
𝑑𝑛
= −
1
𝐵 √𝜃 𝜌 ∆ 𝑔 𝐷 
𝜏𝑏𝑛
√𝜏𝑏𝑠
                                                 (2.24) 
 
In which ∆ = specific weight of submerged sediment = (𝜌𝑠 − 𝜌)/𝜌; 𝜌𝑠 = density of sediment; 𝐷 
= median grain diameter; 𝜃 = critical Shields stress; and 𝐵 = function of Coulomb friction and 
the ratio of lift force to drag force for a bed particle. Values of 𝐵 between 3 and 6 were reported 
by Ikeda and Nishimura (1985) and Odgaard (1989b). Herein, a value of 4 is used. For quartz 
sand, the value of ∆ is 1.65. 
 
A fourth equation is obtained by evaluating equation (2.18) at the water surface. By eliminating 
𝑆𝑟 using equation (2.23), equation (2.18) yields:   
 
𝜌(𝑢𝑠
2 − ?̅?2)
𝑑
𝑟
+ 𝜏𝑏𝑛 − 𝜏𝑣𝑛 + (
𝜕𝜏𝑛
𝜕𝑧
)
𝑠
𝑑 = 0                                 (2.25) 
 
In which subscript 𝑠 denotes the values at the free surface. The power law relates 𝑢𝑠 to ?̅?: 𝑢𝑠 =
?̅? (𝑚 + 1)/𝑚. The last term in equation (2.25) is associated with the deformation or twisting of 
the velocity profile caused by the vanes or by the centrifugal acceleration acting on the flow in 
curved reaches of the river or by both. The centrifugal acceleration in river curves drives the 
faster-moving surface flow toward the outer bank and the flow near the bed toward the inner 
bank. It is well recognized that this feature has a significant bearing on the flow and sediment 
processes in a channel curve. To describe the twisting of the velocity profile with a minimum 
amount of complexity, assumptions are made about its shape. The vertical profile of 𝑢 is 
represented by the power law, equation (2.5), and the profile of 𝑣 by a linear distribution made of 
centrifugally induced and vane-induced contributions. 
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 𝑣 = 2 (𝑣𝑣𝑛 − 𝑣𝑏) (
𝑧
𝑑
−
1
2
)                                                (2.26) 
 
Where𝑣𝑏 = near-bed value of centrifugally induced transverse velocity. The assumption of a 
linear profile of 𝑣 for centrifugally induced secondary current was tested earlier (Odgaard 1986). 
The vertical distribution of 𝜏𝑛 near the water surface is now determined as 𝜏𝑛 = 𝜌 𝜀 𝜕𝑣/𝜕𝑧. By 
obtaining 𝜀 from the power law and an assumed linearly distributed primary-flow shear stress, 
𝜏𝑠 = 𝜏𝑏𝑠 (1 −
𝑧
𝑑
), and assuming that 𝜀 is isotropic and 𝑣 given by equation (2.26), the gradient of 
𝜏𝑛 at the water surface is:   
(
𝜕𝜏𝑛
𝜕𝑧
)
𝑠
= −
2 𝜌 𝑚 𝑘 𝑢
(𝑚+1) 𝑑
(𝑣𝑣𝑛 − 𝑣𝑏)                                        (2.27) 
 
The velocity𝑣𝑏 is assumed to have the same ratio to𝑢𝑏 as𝜏𝑏𝑛 to 𝜏𝑏𝑠, i.e.  
 
𝑣𝑏
𝑢𝑏
=
𝜏𝑏𝑛
𝜏𝑏𝑠
                                                               (2.28) 
 
Where, as before, 𝑢𝑏 = ?̅?/𝑘 (Rozovskii 1957). Thus, the ratio of 𝑣𝑏 to 𝜏𝑏𝑛 is the same as that of 
𝑣𝑣𝑛 to 𝜏𝑣𝑛 (equation 2.4). Equation (2.4) and (2.28) are now substituted into equation (2.27), 
which, in turn, is substituted into equation (2.25) to yield:  
 
𝜏𝑏𝑛 = −
𝜌 𝑘 (2𝑚+1)(𝑚+1)
𝑚2[2𝑚2+ 𝑘 (𝑚+1)]
?̅?2
𝑑
𝑟
+ 𝜏𝑣𝑛                                         (2.29) 
 
With 𝜏𝑏𝑛 calculated by this equation, ?̅? and 𝑑 are fully determined by equations (2.22) and 
(2.24). By substituting 𝜏𝑏𝑠 = 𝜌 𝑘
2?̅?2/𝑚2, equations (2.22) and (2.24) are reduced to:   
 
?̅?2 =
𝑚2
𝑘2
(𝑔 𝑆 𝑑 −
1
𝑑
 𝜏𝑣𝑠)                                               (2.30) 
And: 
𝑑(𝑑)
𝑑𝑛
= −
𝑚
𝜌 𝑘 𝑢 ̅𝐵 √𝜃 ∆ 𝑔 𝐷
𝜏𝑏𝑛                                              (2.31) 
 
Note that vane height 𝐻 in the equations for 𝜏𝑣𝑛 and 𝜏𝑣𝑠 (equations 2.6 – 2.8) is now a function 
of 𝑑. Without vanes, i.e., when 𝜏𝑣𝑠 = 𝜏𝑣𝑛 = 0, equation (2.30) is the traditional Darcy-Weisbach 
relation, and equation (2.29) is the equation for the transverse bed shear stress associated with 
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the centrifugally induced secondary current in fully developed bend flow. With 𝜏𝑣𝑛 = 0 and 𝜏𝑏𝑛 
given by equation (2.28), equation (2.29) calculates a transverse velocity component that is in 
good agreement with measurements (Falcon 1979; Kikkawa et al. 1976; Odgaard and Bergs 
1988). If vanes are to eliminate the secondary current in fully developed bend flow, they must 
generate a transverse bed shear stress given by: 
 
𝜏𝑣𝑛 = −
𝜌 𝑘 (2𝑚+1)(𝑚+1)
𝑚2[2 𝑚2+ 𝑘 (𝑚+1)]
?̅?2
𝑑
𝑟
                                             (2.32) 
 
By adopting the area-averaged, vane-induced bed shear stress, as given by equation (2.15), the 
design relation for this condition reads. 
𝑁𝐻𝐿
𝐴
=
2
𝐶𝐿
𝑑
𝑟
 𝐺                                                            (2.33) 
In which: 
𝐺 =
𝑘
𝛽 𝜆
(2𝑚+1)(𝑚+2)
𝑚 (𝑚+1)[2 𝑚2+ 𝑘 (𝑚+1)]
(
𝑑
𝐻
)
2
𝑚⁄
                                     (2.34) 
 
2.1.4 Solution 
 
Equation (2.31) is solved using a finite difference scheme. The boundary condition is obtained 
from the continuity equation. The computation is carried out starting at the bank farthest away 
from the vanes. In a river curve, this is normally the inner bank. Initially, the flow depth at the 
starting point is set equal to the pre-vane flow depth, and the cross-sectional distributions are 
calculated. If these distributions do not satisfy the boundary condition, a new starting depth is 
selected. The process is repeated until the boundary condition is fulfilled. 
 
The basic vane parameters are vane height 𝐻𝑜 (initial height), aspect ratio 𝐻𝑜/𝐿, angle of 
incidence ∝, vane submergence 𝑇, vane spacings 𝛿𝑛 and 𝛿𝑠, and vane-to-bank distance 𝛿𝑏. The 
basic flow and sediment parameters are pre-vane cross-sectional average flow depth 𝑑𝑜, velocity 
𝑢𝑜, and resistance parameter 𝑚, the channel's width-depth ratio 𝑏/𝑑𝑜 and radius-width ratio 𝑟/𝑏, 
and the sediment Froude number 𝐹𝐷, which is defined as: 
 
𝐹𝐷 =
𝑢𝑜
√𝑔 𝐷
                                                                (2.35) 
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The sediment Froude number measures the 
mobility of the sediment. The general 
trend is that the vane-induced changes in 
bed level increase with increasing value of 
𝐹𝐷. An increase of the induced changes in 
bed level also occurs when vane height, 
angle of incidence, and bed resistance 
increase. Results of sample calculations 
are presented in figures (2.5) and (2.6). 
The figures show depth and velocity 
distributions across curved and straight 
channels with and without vanes along one 
of the banks. The calculations are 
performed with 𝐵 = 4, 𝜃= 0.056, 𝑘 = 0.4, 
and 𝐾 = 1. Velocities and depths are 
normalized with their pre-vane values, 𝑢𝑜 
and 𝑑𝑜.   
 
Figure 2.6Calculations of depth and velocity distributions in straight channel with four-vane arrays, with 𝑻/𝒅𝒐 = 𝟎. 𝟕, 
𝑯𝒐/𝑳 = 𝟎. 𝟑, 𝜶 = 𝟐𝟓°, 𝜹𝒏 = 𝟑𝑯𝒐, 𝜹𝒔 = 𝟏𝟓𝑯𝒐, 𝜹𝒃 = 𝟏. 𝟓𝒅𝒐, and 𝒅𝒐/𝒃 = 𝟎. 𝟎𝟓, Odgaard and Wang (1991). 
 
Most design objectives can be formulated in terms of a desired change in bed elevation at the 
bank. Figure (2.7) shows schematically some of the primary design variables. 
 
Figure 2.5   Calculations of depth and velocity distributions in 
river bend: (a) without vanes; and (b) with vanes, with 
𝐓/𝐝𝐨 = 𝟏. 𝟎, 𝐇𝐨/𝐋 = 𝟎. 𝟑, 𝛂 = 𝟐𝟓°, 𝛅𝐧 = 𝟑𝐇𝐨, 𝛅𝐬 = 𝟏𝟓𝐇𝐨, 
𝛅𝐛 = 𝟏. 𝟓𝐝𝐨, and 𝐝𝐨/𝐛 = 𝟎. 𝟎𝟓 Odgaard and Wang (1991). 
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The flow sections shown are for a curved 
channel. As indicate in figure (2.7a), the vanes 
would be installed at a relatively low stage 
when the velocities in the channel are low and 
the bed profile is only slightly warped. The 
low-flow bed profile would be either 
measured or calculated. Figure (2.7b) shows 
the bed profile at design stage (bank full 
stage). Shown also in figure (2.7b) is the bed 
profile that would have been if vanes had not 
been installed. Linear distance between these 
two profiles at the bank, 𝑑𝑚 − 𝑑𝑣, indicated 
the design objective. Figure (2.7c) shows the 
subsequent low-flow bed profile. The vanes 
ensure that the near-bank bed elevation obtained at the design stage is maintained at all 
subsequent stages. 
 
To facilitate design, a number of graphs have been prepared, in figures (2.8) and (2.9), showing 
calculated changes in flow depth at the bank as a function of the aforementioned parameters. The 
calculations are for a section midway between two vane arrays. 
 
Results are shown for arrays with one, two, and 
three vanes, relative vane submergences of 𝑇/𝑑𝑜 
= 0.5, 0.7, and 1.0, Froude numbers of 𝐹𝐷 = 5, 15, 
and 25, aspect ratio of 𝐻𝑜/𝐿 = 0.3, angle of 
incidence of 𝛼 = 20°, and resistance parameters 
of 𝑚 = 3 and 4. Calculations are shown for vane 
spacings of 𝛿𝑛 = 3𝐻𝑜 and 𝛿𝑠 = 15𝐻𝑜 and 15𝐻𝑜, 
and for channels with a depth-width ratio of 0.03. 
The values of (𝑑𝑚 − 𝑑𝑣)/𝑑𝑚 increase by about 
3% for every degree that 𝛼 increases above 20°.    
 
Figure 2.7   Schematics showing primary design 
variables and flow sections at: (a) installation; (b) 
subsequent bank-full (design) flow; and (c) subsequent 
low flow, Odgaard and Wang (1991). 
 
 
Figure 2.8  Scour depth at outer bank in river curve, 
Odgaard and Wang (1991). 
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Figure (2.8), shows maximum scours depth in a river curve without vanes as a function of 
𝐹𝐷 (𝑏/𝑟) and 𝑚. It is seen that when 
𝐹𝐷 (𝑏/𝑟) is greater than about three and 𝑚 
less than four, near-bank depth can be 
expected to be more than twice the 
average flow depth. For example, if 𝐹𝐷 = 
15, 𝑟/𝑏 = 5, and 𝑚 = 3, figure (2.8) yields 
a scour depth of 𝑑𝑚 = 2.6 𝑑𝑜.  
 
The subsequent graphs in figure (2.9) 
show that, to prevent such a scour hole 
from forming and maintain a bed level at 
or near the cross-sectional average level; 
there must be at least three vanes in each 
array. 
 
If𝑇/𝑑𝑜 = 0.7, 𝐻𝑜/𝐿 = 0.3, 𝛼 = 20°, 𝛿𝑛 =
3𝐻𝑜, 𝛿𝑠 = 15𝐻𝑜, and 𝑑𝑜/𝑏 = 0.03, a vane 
system with three vanes in each array 
yields(𝑑𝑚 − 𝑑𝑣)/𝑑𝑚 = 0.55. With 𝑑𝑚 =
2.6 𝑑𝑜 the vane-induced depth at the bank 
is 1.17𝑑𝑜, or 17% larger than the cross-sectional average depth 𝑑𝑜. If vane angle is increased to 
24°, the value of (𝑑𝑚 − 𝑑𝑣)/𝑑𝑚 is increased by 12% to 0.62.  
 
In this case, the vanes raise the bed at the bank to the average bed level. More than three vanes 
are required in each array to raise the bed level at the bank to the top elevation of the vanes. In a 
straight channel, on the other hand, three vanes per array will, in most cases, bring the bed level 
to the top of the vanes, provided that 𝐹𝐷 is greater than about 15 and 𝛿𝑠 ≤ 15𝐻𝑜. Another 
important observation is that the induced changes in the bed level decay relatively slowly in the 
downstream direction.  
By increasing the spacing 𝛿𝑠 from 15𝐻𝑜 to 30𝐻𝑜 in a system with three vanes per array, the 
induced change in bed level is reduced by only about 10-20%, depending on the value of 𝑏/𝑟.  
 
Figure 2.9  Computed vane-induced maximum increase in 
bed level along bank with: (a) three vanes per array; (b) two 
vanes per array; and (c) one vane per array. Depth-width 
ratio 𝐝𝐨/𝐛 =  𝟎. 𝟎𝟑, vane-aspect ratio 𝐇𝐨/𝐋 =  𝟎. 𝟑, vane 
angle ∝ = 20°, and vane spacings 𝛅𝐧 = 𝟑𝐇𝐨, and 𝛅𝐬 = 𝟏𝟓𝐇𝐨, 
Odgaard and Wang (1991). 
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2.1.5 Restrictions to Theory 
 
In general, a range of angle of attack up to 20° is accepted for the angle of attack, although 
angles of attack up to 25° have been tested. The optimum range is defined as 15° to 20°, as lift is 
reduced for lower angles of attack and flow separation and consequently drag become more and 
more pronounced with increasing angle of attack. Furthermore, local scour enlarges with 
increasing angle of attack. Odgaard, A. J., & Spoljaric, A. (1989), stated that the liftcoefficient 
decreases with increasing angle of attack higher than about 20° due to flow separation. However, 
this statement will be invalidated on a theoretical basis in the next chapters. Equations (2.13) and 
(2.14) have been evaluated using force measurements for vanes with varying vane profiles 
installed at angles of attack up to 25°. For tested thin, flat vanes, the ratio of vane height to vane 
length equaled about 0.3. Note that all equations in the present section use angles in radians.  
 
Odgaard, A. J., & Spoljaric, A. (1989), suggested 0.1 ≤ 𝐻 𝐿⁄ ≤ 0.5. Because the ratio of vane 
height to vane length is associated with a reduction of the effective angle of attack, vane 
dimensions directly affect the lift and drag coefficients. Therefore, the ratio of vane height to 
vane length is a key design parameter. 
 
Odgaard and Mosconi, (1987), found that the effect of vane submergence on vane-generated 
torque is relatively insensitive to variations in the ratio of vane height to flow depth over range 
0.2 ≤ 𝐻 𝑑⁄ ≤ 0.5. Function 𝐺 (equation 2.33) with respect to the vane height, giving the 
minimum lifting surface area required per unit surface area of channel bed is a minimum at 
𝐻
𝑑⁄ = 2 [
(𝑚 + 1)
(𝑚 + 2)2⁄ ](for stream bank protection in river bends). At design stage, 
Odgaard, A. J., & Spoljaric, A. (1989), suggested 0.1 ≤ 𝐻 𝑑⁄ ≤ 0.5, while Odgaard and Mosconi 
recommended 0.2 ≤ 𝐻 𝑑⁄ ≤ 0.5 for all erosion causing flow stages. Odgaard, A. J., & Spoljaric, 
A. (1989), observed an increase of the lift coefficient with increasing values of the ratio of vane 
height to flow depth owing to the free water surface, which increasingly suppresses the tip 
vortex, causing a reduction in downwash and hence, an increase in the effective angle of attack.  
Transverse vane spacing should not exceed about 3𝐻 let’s the vanes generate a coherent 
secondary circulation downstream.    
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The interaction between vanes is almost negligible for a transverse vane spacing of 4𝐻; 
According to Odgaard and Wang, the optimum transverse vane spacing is about 2𝐻. Effects of 
vane-generated vortices are identifiable for more than 20 times the (initial) vane height. 
However, the longitudinal vane spacing depending on design objectives in terms of limits on 
induced stresses. Employment of multiple vanes in an array results in a wider vane-affected area, 
but also leads to a decrease in efficiency of the individual vanes due to vane interaction. 
Experiments presented by Odgaard and colleagues with vane arrays have been conducted only 
for up to four vanes in an array. In river bends, it is recommended to limit the distance of the 
outermost vane to bank to maximally twice the vane height as higher values may eventually lead 
to flanking of the vanes by the river flow, as observed by Odgaard and Mosconi, (1987). 
 
2.2 Design Objectives of Submerged Vanes 
 
Submerged vanes have been and are being installed in several rivers throughout the world; there 
are numerous field installations in place, to stabilization of river-bank, river-bed, and river 
channel alignments and also prevent sediment from being entrained into water intakes or 
diversions. As indicated in Nakato and Ogden, (1998), Muste, M., Braileanu, F., & Ettema, R. 
(2000), Wang et al. (1996), Barkdoll et al. (1999), Odgaard and Wang, (1992), and (Michell, F., 
Ettema, R., & Muste, M. 2006.  
 
2.2.1 Stabilization of River Bank 
 
Most often, river is stabilized to prevent erosion, bank erosion 
generally occurs in curves of river channels, where the 
interaction between the vertical gradient of the velocity and the 
curvature of the flow generates a so-called secondary or spiraling 
flow. The secondary flow moves the high-velocity, near-surface 
current outward and the low-velocity, near-bed current inward, 
thereby producing larger depths and velocities near the outer 
banks. The deepening of the channel diminishes the toe support 
of the bank and the larger velocities attack it, setting the stage for bank erosion. Figures (2.10), 
(2.11) and (2.12) show Layout of vane system in meander curves, calculations of depth and 
 
 
Figure 2.10   Layout of vane 
system in meander curves, 
Odgaard and Mosconi, (1987). 
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velocity distributions and Stabilization of a riverbank in a curved channel. Odgaard, A.J. and 
Wang, Y. (1991).  
 
 
Figure 2.11   Calculations of depth and velocity distributions in river bend without vanes (a), and with vanes (b), with 
𝑻
𝒅𝒐
⁄ = 𝟏. 𝟎, 𝑯 𝑳⁄ = 𝟎. 𝟑, ∝= 𝟐𝟓 degrees (toward bank), 𝜹𝒏 = 𝟑𝑯, 𝜹𝒃 = 𝟏. 𝟓𝒅𝒐, and 
𝒅𝒐
𝒃⁄ = 𝟎. 𝟎𝟓, Odgaard, A. J., & 
Wang, Y. (1991). 
 
 
Figure 2.12   Stabilization of a riverbank in a curved channel. The schematic show primary design variables and flow 
sections at (a) installation, (b) subsequent design flow, and (c) subsequent low flow, Odgaard, A. J., & Wang, Y. (1991). 
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2.2.2 Stabilization of River Bed 
 
In figures (2.13) and (2.14) vanes are used to stabilize the bed 
topography in a straight river channel. The schematic shows 
how this could be accomplished by making the vanes develop 
and maintain a compound channel (i.e., a channel with berms 
along each bank). As indicated in (2.14a), the vanes would be 
installed at a relatively low stage when the velocities in the 
channel are low. Figure (2.14b) is the bed profile that would 
have been if vanes had not been installed. The design 
objective is indicated by the linear distance between these 
two profiles at the bank, 𝑑𝑜 − 𝑑𝑣. Figure (2.14c) shows the 
subsequent low-flow bed profile.  
 
The vanes ensure that the bed topography developed at the design stage is maintained at all 
subsequent stages. Odgaard, A.J. and Wang, Y. (1991). 
 
Figure 2.14   Stabilization of a riverbed. The schematic shows primary design variables and flow sections at (a) 
installation, (b) subsequent design flow, and (c) subsequent low flow, Odgaard, A. J., & Wang, Y. (1991). 
 
2.2.3 Sediment Control at Water Intake or Diversion 
 
When vanes are used at water intakes or diversions, their role is usually to prevent sediment from 
being drawn into the water intake or diversion. The sediment problem occurs because the 
withdrawal of water reduces the downstream flow velocity and, hence, downstream sediment-
transport capacity at the intake. The bed level rises, typically along the downstream portion of 
the intake or diversion, and sediment is being drawn in along with the water.  
 
 
 
Figure 2.13   Layout of vane systems 
to ameliorate shoaling problems, 
Odgaard, A. J., & Wang, Y. 1991. 
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Occasionally, the bed level may rise to a level that a portion of the intake is blocked. The design 
objective is formulated in terms of a desired increase in depth over a certain region in front of the 
intake. 
 
Figure (2.15) shows schematically the primary design variables. The desired increase in depth 
along the intake is obtained by designing the vane system such that it generates and maintains a 
transverse bed stress directed away from the intake causing the bed to deform as indicated in 
figure (2.15).  
 
The width of the vane field 𝛿𝑣, must be sufficient that the induced aggradation within the field, 
𝑑𝑜 − 𝑑𝑣, results in a channel along the intake of sufficient width, depth, and velocity to 
accommodate the flow into the intake as well as maintain a sufficiently high flow velocity past it. 
For the vanes to effectively lower the bed elevation in front of the intake or diversion, 𝛿𝑏 should 
not be much larger than 𝛿𝑣. For a two-vane array system, 𝛿𝑣 = 𝛿𝑛; for a three-vane array system, 
𝛿𝑣 = 2𝛿𝑛. 
 
Finally, figure (2.16) explains Sediment exclusion at an intake or diversion. Odgaard, A.J. and 
Wang, Y. (1991). 
  
Figure 2.15   Schematic showing design variables for a 
vane system at a water intake or diversion, Odgaard, A. J., 
& Wang, Y. (1991). 
 
Figure 2.16   Sediment exclusion at an intake or diversion. 
The schematic shows the stream tube for flow entering the 
intake. The stream tube is bounded by the bankline and 
the separating stream surface, and is located between the 
vane field and the bankline, Odgaard, A. J., & Wang, Y. 
(1991). 
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2.2.4 Channel Alignment Stabilization 
 
Vanes can be used to stabilize a meandering river reach. In this case, proper formulation of the 
design objective requires information about the channel´s natural alignment characteristics. The 
vane system must be designed to be consistent with the natural tendency of the river to attain and 
maintain a certain meander plan form.  
 
The natural alignment of a river channel may not always be in the form of a meander plan form. 
For certain combinations of channel slope and bank-full or channel-forming discharge, the 
natural tendency will be to form a braided channel a channel consisting of multiple branches 
separated by sand bars and small islands. 
 
Certain thresholds were identified by Lane, (1957) and by Leopold and Wolman, (1957). The 
discharge-slope relation obtained by Leopold and Wolman for the threshold separating 
meandering and steeper braided stream is: 
 
  𝑆 = 0.0125 𝑄−0.44                                                         (2.36) 
 
Where 𝑄 is the channel-forming discharge in 𝑚³/𝑠. This equation was obtained using data from 
sand-bed and gravel-bed streams. Henderson, (1963) refined this equation by including the effect 
of bed-particle size and suggested the following equation for gravel-bed streams: 
 
𝑆 = 0.002 𝐷1.15 𝑄−0.46                                                     (2.37) 
 
Where 𝐷 is median particle size in millimeters. 
 
Consequently, if channel slope is close to this critical value, channel adjustments involving small 
change in slope could lead to large changes in channel pattern. On the other hand, if the slope of 
a braided channel reach is close to the critical value, it may not take a major construction effort 
to transform the channel reach into a single-thread meandering channel.  
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2.3 Previous Studiesof Submerged Vanes 
 
To date, the majority of experimental research on submerged vanes has been performed at the 
Iowa Institute of Hydraulic Research IIHR, University of Iowa,Odgaard, A. J., & Wang, Y. 
(1991); Odgaard, A.J., R.J. DeWitt, (1989); Odgaard, A. J., & Spoljaric, A. (1986), (1986); 
Odgaard, A. J., & Mosconi, C. E. (1987); Odgaard, A. J., & Lee, H. Y. E. (1984); Odgaard, A. J., 
& Kennedy, J. F. (1983). However, all of the Iowa studies were performed in six hydraulically 
“wide” (b/d> 10) laboratory channels and only two of the channels included bend sections.  
 
Results of recent studies, however, indicate that the theoretical relations developed by Odgaard 
et al. (1983), are according to the experimental results in our investigation. From comparisons 
between measured and calculated lift and drag forces, Flokstra, De Groot and Struiksma, (1998), 
and later Jongeling and Flokstra, (2001), the theory of Odgaard calculated the forces exerted on a 
submerged vane satisfactorily, which supports the hypothesis that the existing theory was 
account for the physics of the flow past a vane adequately when compared with the experimental 
results. Although Odgaard, A. J., & Spoljaric, A., (1986 and 1989) conducted experiments for 
vanes at low angles of attack exclusively, they stated that a low angle of incidence is 
advantageous over high angles of attack, which supposedly lead to unacceptably large scour 
holes.  
 
Marelius, F., & Sinha, S. K. (1998), rightfully reminded the reader that continuously evolving 
flow fields and topographical features may result in vanes at higher angles of attack than 
originally intended. Experimentally, and found that the strength of the vane-induced primary 
vortex is a maximum for an angle of attack of 40º and discerned a system of as many as two 
suction vortices and two horseshoe vortex legs in the direct vicinity of the vane. 
 
The theory of Odgaard is developed for non-separated flow past vanes and holds for a restricted 
range of angle of attack only as flow separation occurs already at relatively low angles of attack. 
Efforts should be undertaken to achieve improved theoretical descriptions of the flow physics 
and consequently of the lift and drag forces exerted on vanes for a much wider range of angle of 
attack. Because changes in energy slope depend on induced flow resistance, a particular interest 
in the drag coefficient may exist in cases of mildly sloped rivers.  
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Herein, as purposed by the present work, only the main experimental studies on submerged vanes are reported in table 2.1, in 
chronological order, table describes channel used, experiments characteristics, purpose of studies and finally results obtained.    
 
Table 2.1List of the principal previous researches. 
 
Research 
Year and 
location 
Channel and experiments 
characteristics 
Purpose 
 
Results 
Odgaard and 
Kennedy 
1983, Iowa 
Institute of 
Hydraulic 
Research IIHR-
USA 
- Curved, erodible-bed. 
- D50=0.30mm, σs=1.45 
- Q=0.154 m³/s 
- α=15° 
- H/d=1/3 
 Investigate river-bend bank 
protection by submerged 
vanes. 
 Bed topography. 
 Velocity distributions. 
 
 Nullifying secondary currents. 
 Reduction of depth-averaged velocity. 
 Do not increase local channel roughness. 
Odgaard and 
Lee 
1984,Iowa 
Institute of 
Hydraulic 
Research IIHR-
USA 
 
- Curved channel. 
- 250-ft long, 8-ft deep. 
- rc=43-ft. 
 
 Investigate submerged vanes 
for flow control and bank 
protection in streams. 
 Effectiveness of vanes in 
reducing depth and velocity 
near the outer bank. 
Determined design parameters: 
 0.2 < H/d < 0.5  
 0.1 < H/L < 0.5  
 L = 3H 
 10° < α < 15°  
 Spacing between vanes ≤ 2d. 
Odgaard and 
Spoljaric 
1986,Iowa 
Institute of 
Hydraulic 
Research IIHR-
USA 
2 Straight channels: 
- 0.61-m width, 9-m length with 
D50=0.30mm, σs=1.5, Q=0.0316 
m³/s, u=0.082m/s, d=0.17m, α=15°, 
L=21cm, H=8.5cm. (Single vane). 
- 1.83-m width, 18-m length with 
D=0.40mm, σs=1.4, Q=0.085 m³/s, 
u=0.091m/s, d=0.15m, α=15°, 
L=22.9cm, H=9.4cm. (Array of 
vanes). 
- Longitudinal slope of water surface = 
0.00075, Shields factor = 0.06 
 Relation between vane 
characteristics and lift force. 
 Theoretical analysis. 
 Experimental verification, 
(Velocity and depth 
distribution).  
 Guide to practical application. 
 Determine whether submerged 
vanes have potentials as a 
means of providing, and 
maintain depth in navigation 
channels. 
 
 Change in flow depth proportional to vane-
induced transverse velocity component near 
the bed. 
 Optimum angle 15° can produce a change 
in depth of 10%. 
 Changes in flow depth by transporting 
sediment sideward rather than downstream. 
 Vane system redistributes the bed sediment 
in the transverse direction without changing 
overall channel characteristics. 
 Vanes do not change the channel's cross-
sectional area. 
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Odgaard and 
Mosconi, 
1987,East 
Nishnabotna  
River,  Iowa, 
USA 
- Curved channel 
- Longitudinal slope of water surface = 
0.00070 
- D50=0.450mm, σs=2.0 
- L=30.5cm, H/d=0.3 
 Developed a design basis for 
vane systems emplaced along 
the outer banks in river bends 
to counter the flow spiral and 
to direct the near bed current 
outward to the bank. 
 Design, installation and 
performance of a system of 
submerged vanes for erosion 
protection in a bend of East 
Nishnabotna River, Iowa. 
 0.2 < H/d < 0.5 
 L = 3H 
 10° < α < 15°  
 Spacing between vanes ≤ 2d 
 Reduction of the high flow transverse bed 
slope of at least 50%. 
 Reduction of the near bank velocity of 10-
20%, moving the maximum velocity toward 
the center of the channel.  
Odgaard and 
Spoljaric 
1989,Iowa 
Institute of 
Hydraulic 
Research IIHR-
USA 
- Straight (shoaling amelioration) and 
curved channels (river bend bank 
protection). 
 Design bases for sediment 
control (shoaling 
amelioration). 
 Lift coefficient increases with decreasing 
ratio of water depth to vane height. 
 Did not suggest a Froude number 
dependence under the tested flow 
conditions (ratio of flow depth to vane 
height lower than 2 and Froude number 
lower than 0.25).  
Nakato and 
Kennedy 
1990,Iowa 
Institute of 
Hydraulic 
Research IIHR-
USA 
- Straight 1.8-m wide, 0.46-m deep, 
12.2-m long, recirculating channel 
with diversion. 
 
 Study pump-station intake-
shoaling control with 
submerged vanes. 
 A single row of turning vanes in front of the 
intake structure would not completely 
eliminate the shoaling there, or within the 
bays. 
 Several two-row arrays, the vane system 
were concluded to be optimal.  
Odgaard and 
Wang 
1991a,Iowa 
Institute of 
Hydraulic 
Research IIHR-
USA 
- Straight and curved channel. 
- Shields factor = 0.056. 
- H/d=0.3, T/d=0.5 
- d/b=0.05, α=20° 
- m=4, k=0.4 
 Sediment management with 
submerged vanes. i: Theory. 
 
 Vanes produce significant changes in the 
distribution of velocity and depth in river 
channel. 
Odgaard and 
Wang 
1991b,Iowa 
Institute of 
Hydraulic 
Research IIHR-
 
- Straight and curved channel. 
- b=1.94m, 0.6-m deep, r=13.1m, 20-m 
straight. (Curved channel). 
- b=2.44m, 0.6-m deep, 20-m long. 
(Straight channel), D50=0.41mm, 
 Sediment management with 
submerged vanes. ii: 
Applications. 
 
 
 
 Vanes technique has merits as a general 
sediment-control technique for rivers. 
 Relative magnitudes of the induced changes 
in streamwise and transverse bed shear 
33 
 
USA σs=1.45, 0.8-cm thick vanes, H=7.4-
cm, L=15.2-cm, α=20°, Q= 0.088m³/s 
to 0.15m³/s, S=0.00080, v=0.3m/s.   
- d=17.8-cm, T/d=0.7 
 
stress components may not be exactly as 
calculated. 
Wang and 
Odgaard 
1993, Iowa 
Institute of 
Hydraulic 
Research IIHR-
USA 
- Straight channel. 
- α=25° 
- H/L = 0.5 
- H/d = 0.5 
 Calculating the flow 
adjustments across a channel 
having vane arrays along one 
side. 
 Comparison between 
measured and calculated 
transverse velocity 
components. 
 
 
 Vane-induced transverse velocity is well 
represented with a Rankine-vortex type 
provided boundary effects and vane 
interference are taken into account. 
Wang and 
Odgaard 
1996, Iowa 
Institute of 
Hydraulic 
Research IIHR-
USA 
- Straight channel with diversion 
- do = 2.7 m, and uo = 0.4 m/s 
- Median grain diameter = 0.3-mm, and 
sediment Froude number is 7.4 
- Resistance parameter m = 3.0. 
 Comparison between 
measured and calculated 
transverse velocity 
components. 
 
 Demonstrate the merit of submerged vanes 
as a sediment management tool at water 
intakes. 
Mareluis and 
Sinha 
1998,Iowa 
Institute of 
Hydraulic 
Research IIHR-
USA 
- Straight channel. 
- b=1.54m, 0.4-m deep, 20-m straight.  
- H=0.12m, L=0.24m. 
- D50=0.9mm 
- v=90% of Critical velocity. 
- α=25°, 36°, 45°, and 57°. 
 Investigated the characteristics 
of the flow field around vanes 
at low to high angle of attack. 
 
 Strongest circulation for an angle 40°. 
 Small length or height of the vane may lead 
to a small scour hole. 
Nakato and 
Ogden 
1998,Iowa 
Institute of 
Hydraulic 
Research 
IIHRUSA 
- Straight channel with diversion. 
 Investigate sediment control at 
water intakes along sand-bed 
rivers. 
 
 Structures installed in the bed of the river 
near the intake will greatly reduce the 
influx of bed load sediments. 
Flokstra, De 
Groot and 
Struiksma 
1998,WL – Delft 
hydraulics-
Netherlands 
- Curved channel. 
- α=17.5°. 
- v=0.28 m/s; d= 0.30 m. 
- L=0.24 m, 0.32 m, 0.40 m, and 0.48 
m. 
 The effect of upstream vanes 
on the hydrodynamic forces 
was tested. 
 
 Lift and drag forces depend more strongly 
on vane length than the existing theory 
suggests. 
 The lift and drag forces exerted on sheet-
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- H=0.06 m. wall vanes were about 20% lower and 30 to 
40% higher than the lift and drag forces 
acting on the vanes, respectively. 
 
Barkdoll; 
Ettema; and 
Odgaard 
1999,Iowa 
Institute of 
Hydraulic 
Research IIHR-
USA 
- Straight channel with diversion 24-m 
long, 1.5-m wide, 0.152-m deep. 
- 0.9-mmdiameter grains of sediment. 
- The diversion channel, which was 
located 15.5 m downstream from the 
flume-channel inlet, was 2.44 m long 
and 0.61 m wide. 
 Sediment control at lateral 
diversions: limits and 
enhancements to vane use. 
 
 
 Submerged vanes caused sediment 
ingestion are reduced by approximately 
40% for values. 
 
Jongeling 
and Flokstra 
C. 
2001, WL – Delft 
hydraulics-
Netherlands 
- Curved channel. 
- H=0.03 m, 0.06 m, 0.09 m and 0.12 
m. 
- L=0.40 m; α=17.5°. 
 Investigate the effect of vane 
height on the lift and drag 
forces exerted on sheet-wall 
and flat-plate vanes. 
 Measured lift coefficients were a factor 1.7 
to 2.5 higher than the theoretical lift 
coefficients. 
 Measured drag coefficients were a factor 
2.3 to 3.8 higher than the theoretical drag 
coefficients. 
 Lift and drag forces acting on sheet-wall 
vanes were about 10% lower and up to 50% 
higher than the lift and drag forces 
calculated. 
Johnson; 
Hey; Tessier; 
and Rosgen 
2001, 
Pennsylvania 
State University-
USA 
- Straight channel (15-m-long, 1.5-m-
wide, and 0.9-m-deep).  
- d=1 to 1.6 m. 
- Channel slope = 0.002. 
- 25°< α <30°. 
 Use of vanes for control of 
scour at vertical wall 
abutments. 
 Vanes move the abutment scour away from 
the bank and abutment toward the center of 
the channel. 
 Velocities and shear stresses reduced at the 
bank and increased in the center of channel. 
Voisin and 
Townsend 
2002, University 
of Ottawa, 
Ottawa, Canada. 
- Curved channel, (0.305 m wide by 
0.150 m deep, having 90° and 135° 
angles, inner and outer radii, ri = 
0.748 m and ro = 1.053 m). 
- D50 = 0.7 mm and σg = 1.3.  
- Vanes of 0.5 mm (H were 15, 25, 35, 
50, and 65 mm, and lengths L were 
50, 100, and 150 mm). 
- 0.15 ≤ H/L ≤ 1.30. 
 Model testing of submerged 
vanes in strongly curved 
narrow channel bends. 
 
 
 
 Reduction of outer bank transverse bed 
slope. 
 Reduction of general erosion throughout the 
test section. 
 Determine optimum design values: 
L/b=0.33, H/d=0.35, α=2°, δs/b=0.70, and 
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- α = – 4°, 0°, 4°, 8°, 12°, and 16°. 
- 𝑆𝑜=0.00065, 𝑢𝑐𝑟 =0.28m/s, Q=0.0085 
m³/s. 
 
δn/b=0.24. 
 
 
Tan, Yu, 
Lim, and 
Ong 
2005, Nanyang 
Technological 
Univ., Singapore 
- Straight channel (6 m wide by 0.6 m 
deep and 30 m long). 
- Cylindrical plastic material: D50 = 2.8 
mm,  σg = 1.05.  
- H= 5, 8, 10, 15 cm. 
- 0.125 ≤ H/d ≤ 0.33. 
- L= 1m to 4m. 
- α = 90°, 60°, 45°, 30°, and 15°. 
- v= 0.128 m/s. 
 Flow structure and sediment 
motion around submerged 
vanes in open channel. 
 
 The effectiveness of vanes in sediment 
diversion depends on the vane alignment to 
the approach flow, height and length of the 
vane. 
 Optimum angle of attack is about 30°. 
Michell, 
Ettema and 
Muste 
2006, Iowa 
Institute of 
Hydraulic 
Research IIHR-
USA 
- Straight channel with diversion to a 
distance of about 300-m. 
 Sediment Control at Water 
Intake for Large Thermal-
Power Station on a Small 
River. 
 Evaluate alternate design 
arrangements, and to ensure 
that the final recommended 
design was effective. 
 
 The techniques used to eliminate the 
sediment accumulation and ingestion 
problem with the Station’s river intake can 
be utilized to develop site-specific 
customized designs for other facilities 
experiencing similar problems. 
Gupta; Ojha; 
and Sharma 
2007, Indian 
Institute of 
Technology, 
Roorkee, India. 
- Straight channel (11-m long, 50-cm 
width, 50-cm depth). 
- D50 = 0.225 mm,  σg = 1.42. 
- v= 90% of Critical velocity. 
 Investigate of the effect of 
taper angle variation on 
moment of momentum 
equation. 
 
 Taper angle causes influence the vortex 
characteristics. 
 Increasing of taper angle, lift force can 
increase. 
 Taper angle also influence of moment of 
momentum. 
 At given optimum angle of attack 40°, 
MOM can be further increase by keeping 
the taper angle as 33.7°. 
Bhuiyan; 
Hey; and 
Wormleaton 
2009, Bangladesh 
Univ. of 
Engineering and 
- Straight and curved channel. 
- d50 = 1.5 mm and d85 = 3.3 mm. 
- Graded sediment ranging from 0.06 
to 5 mm. 
 Effects of Vanes and W-Weir 
on Sediment Transport in 
Meandering Channels.  
 
 Array of vanes effectively had relocated the 
maximum scour hole away from the outer 
bank in a meander bend toward the middle 
of the channel and leave the point bar 
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Technology, 
Dhaka, 
Bangladesh. 
 
relatively undisturbed. It is evident that the 
vanes will not adversely affect bed-load 
transport around the bend.  
Huei-Tau 
Ouyang 
2009, National 
Ilan Univ., 
Ilan, Taiwan. 
- Straight channel (b=1.5-m). 
- 3 different types of vanes: Rectangle, 
trapezoidal tapered, and 
parallelogram,  
- α = 20°, m= 3 
- v= 0.26 m/s, d= 0.15 m. 
- D50 = 0.0017 m,   σg = 1.50. 
- H/d = 0.9, L/d = 1.5. 
- Q= 0.0316 m³/s.   
- Shields factor = 0.06 
 Investigation on the 
Dimensions and Shape of a 
Submerged Vane for Sediment 
Management in Alluvial 
Channels. 
 
 Optimal vane height is related to the vane 
length is 0.58-0.70 water depth. 
 No specific optimal vane length is 
observed. 
 Vane´s performance decrease with 
increasing vane length. 
Moghadam 
and 
Keshavarzi 
2009, Shiraz 
University, 
Shiraz, Iran. 
- Non-recirculating long channel with a 
lateral, a rounded edge intake at 55°, 
20-cm radius. 
- H= 3-cm. 
- d=15-cm. 
 
 An optimized water intake 
with the presence of 
submerged vanes in irrigation 
canals. 
 The strength of the secondary current and 
the pattern of sedimentation at the entrance 
of the water intake and the amount of 
sediment entering the intake were 
considered. 
 The effectiveness of the parallel 
arrangement is more than the zigzag 
arrangement in the 55° water intake with 
rounded edge. 
Gupta; Ojha; 
and Sharma 
2010, Indian 
Institute of 
Technology, 
India. 
- Straight channel (11-m long, 50-cm 
depth, 50-cm width). 
- α = 40°, m= 3 
- D50 = 0.405 mm,   σg = 1.37. 
- v = 90% critical velocity. 
- H = 6 cm (Thick 4 mm). 
- FR = 0.13 and 0.25 
 
 Examines the reduction in a 
local scour around a single 
submerged vane using a 
Collar. 
 Local scour around the vane is less at 
Froude N. 0.13 than Froude N. 0.25. 
(Without collar). 
 Presence of Collar eliminated the scour 
around the vane. 
 Circular Collar shape is more suitable for 
rectangular vane. 
 Optimal angle of attack for a rectangular 
vane with collar was 40°. 
Han; 
Ramamurthy; 
2011, Concordia 
University, 
- Curved channel (90° bend, 61-cm 
width). 
- Inner radius R1 = 0.15-m and an 
 Characteristics of Flow around 
Open Channel 90° Bends with 
Vanes. 
 
 Vanes are effective in slightly reducing 
energy losses. 
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and Biron Montréal, Canada outer radius R2 = 0.76-m.  Uniform water surface in bends with vanes 
can reduce freeboard demand, thus 
decreasing construction cost.  
 
Behbahan 
2011, Islamic 
Azad University - 
Behbahan 
Branch, 
Behbahan, Iran. 
- Straight rectangular cemented 
channel 20-m long, 70-cm wide, 60-
cm deep and longitudinal slope of 
0.005. 
- α = 20°. 
 Laboratory Investigation of 
Submerged Vane Shapes 
Effect on River Banks 
Protection. 
 
 Curved vanes with about 15% more 
effective in stabilizing the shores of the 
angular vanes. 
 
Masjedi; 
Behnam; and 
Savari 
2011, Islamic 
Azad University 
– Branch Ahvaz, 
Iran. 
- Curved channel 9 m long upstream 
and a 6 m long downstream straight 
reaches, 180-degree channel bend 
was located between the two 
straight reaches. 
- Rc/b = 4.7 (Rc = Central radius and b 
= Flume width). 
- D50=1.3-mm, geometric standard 
deviation of σg = 1.4. 
- α = 15, 20, 25, and 30°. 
- H/d = 0.3, L/H = 3. 
 Study of effect angle of 
submerged vanes on scour 
hole at flume bend. 
 
 
 By increasing Froude number the maximum 
scour hole increases. 
 
 Decreases scour hole occurs at angle of 
attack 15° with the flow. 
 
Huei-Tau 
Ouyang  and 
Jihn-Sung 
Lai 
2013, National 
Ilan Univ., Ilan, 
Taiwan. 
Straight channel 
 Design optimization of a 
submerged vane with 
streamlined profile for 
sediment management in 
rivers. 
 Identification and definition of 
design variables. 
 Identification and definition of 
objective function. 
 Identification and definition of 
constraints. 
 
 
 
 
 Procedure developed based on a Genetic 
Algorithm is robust in designing the 
submerged vanes. 
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Chapter  3: Experimental setup and description of experiments 
 
3.1 The Experimental Channel 
 
Present study investigate experimentally the hydrodynamic characterization and the physical 
fluid turbulence of submerged vanes through a huge laboratory data using a cross section of a 
straight alluvial recirculating rectangular channel at the Morphodynamics Laboratory of the 
Department of Hydraulic, Maritime and Environmental Engineering, School of Civil 
Engineering and Ports of Barcelona – ETSECCPB – at the Barcelona Tech. University – UPC –
Spain. The channel formed by three main parts as shown in figure 3.1.  
 
Figure 3.1Longitudinal section of the experimental channel. 
 
Tests were conducted in a re-circulated rectangular channel with cross-section 7.5-m long, 2.52-
m wide channel with a bed consisting of 50-cm thick layer of sand with a median diameter of 
1.6-mm and a geometric standard deviation of 1.36. Water was transported throughout the re-
circulated channel and their return circuits by 2 centrifugal pumps (175 l/s nominal flow each). 
The discharge was controlled by means of a butterfly valve and measured in the triangular dump 
located at the end of the channel with an orifice meter measures the elevation existing water 
when the level water surface is stabilized, figure 3.2 shown the channel elements.  
 
Channel is divided into three sections, the first of a length of 2.25-m, with a concrete floor, the 
second of 2.5-m length and 0.5-m deep of sand which the vane are placed, and the third of 2.75-
m length which is also made of concrete in which we determine the boundary condition.  
39 
 
The sand section have two small valves at the bottom to drain the water and is provided with a 
filter that prevents sand drain each time the channel is emptied at the end of a test.  
 
       
Figure 3.2Acoustic Doppler Velocimeters (left), sliding carriage and channel elements in plan view (right). 
 
Velocities were measured with a 7 Acoustic Doppler Velocimeter – ADV, which were calibrated 
and checked periodically (figure 3.3 right), depths and water surface elevations were measured 
with a gauge that could be read with an error of less than 0.3-mm. The current meter, gauges 
were mounted on a movable instrument sliding carriage, which rode on rails atop of the channel 
walls, on a traversing mechanism, which enabled them to be positioned at any desired location in 
the channel. Positioning and data sampling were controlled from a computer program.  
 
The water surface elevations were used to determine water surface slope 𝑆 and Darcy-Weisbach 
friction factor 𝑓 = 8𝑔𝑅𝑆/𝑢𝑜
2, where 𝑢𝑜 = undisturbed (pre-vane) cross-sectional-averaged 
velocity. In all tests, 𝑢𝑜 = 0.2867 𝑚/𝑠, and the discharge 𝑄 = 116,62 𝑙/𝑠 = 0.11662 𝑚
3/𝑠.  
 
The vanes were made of 14-mm-thick PVC sheet, they were rectangular in shape, with height H 
= 7 cm = 0.4337d, and length L = 25 cm = 3.571H. In all tests, the vanes were placed at an angle 
of attack of 20 degrees with the channel centerline (figure 3.3 left). 
 
In the tests of a single vane, vane height and length were 0.07-m and 0.25-m, respectively. Water 
depth was 0.1614-m. Pre-vane water surface slope and friction factor were 1.6 × 10−3 and 
0.045, respectively.  
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Figure 3.3Vane installation (left), and Acoustic Doppler Velocimeters installations (right). 
 
There are changes in the slope of the channel over previous years, so that now are as follows 
from upstream to downstream: So = 0.003, So = 0.00076, So = 0.0016, as shown in figure 3.4. 
These measures were taken with gauge, in sections every 20-cm and three points per section. 
 
Figure 3.4Experimental channel slopes. 
 
Drop gates and blocks at the downstream end of the channel were adjusted to produce uniform 
flow in the channel. The exit section consists of a deposit with 2 walls of riprap to dissipate the 
energy carried by the water as it falls from the channel, and end with a triangular dump has a thin 
lip, in which measures the flow rate (figure 3.5). 
 
      
Figure 3.5Channel exit section with tow energy dissipators (left), and triangular Dump (right). 
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3.2 Experiments Characteristics 
 
3.2.1 Materials Used 
 
 Vanes were made of 14-mm-thick PVC sheets. They were cut into rectangular shape, with 
height H = 7 cm = 0.4337d, and length L = 25 cm = 3.571H. 
 7 Acoustic Doppler Velocimeters, Smart Sensors ultrasonic (probes) – ADV, to measure 
three components of instantaneous velocity of the fluid.  
 Manometers (thin rigid plastic tubes) to measure the pressures acting on both sides of vanes, 
and millimeters sheets.  
 1 Meter-Bus communications – Texas Instruments. 
 PC to connect the ADV probes. 
 Rules Invar "Tajima" of 1000 mm. 
 Gages "Rott Kempten" of 120 cm and 60 cm. 
 10-aluminum crossbars 250 cm. 
 8 large flat bricks and 5 small, to determine boundary conditions.  
 Two sieves, one rectangular (large) and a circular (small). 
 1 camera. 
 
3.2.2 Granulometry and Sediment Uniformity 
 
All experiments were run at or close to the threshold condition for bed material movement (were 
the sheer stress ratio, 
𝜏𝑜
𝜏𝑐𝑟⁄ < 1). Therefore, other considerations in determining the most 
important sediment characteristics were being taking account.    
 
According to M. Garcia (1999), ripples form at sediment Reynolds number, 𝑅𝑒∗ =
𝑢∗𝐷50
𝜈
 ≤ 11.6, 
and according to Raudkivi (1990) they form with fine grained sediments, i.e., 𝐷50 < 0.7 to 0.9 
mm. The sizes of the sediment used in current study have equal characteristics diameters:𝑑16 =
0.957 𝑚𝑚, 𝑑50 = 1.6 𝑚𝑚, 𝑑84 = 1.94 𝑚𝑚, and 𝑑90 = 1.975 𝑚𝑚, implying an average 
diameter of 𝑑50 = 1.6 𝑚𝑚; thus, any ripples would be large compared to the bed profile 
elevations and vane dimensions. The ripples, which have a tendency to migrate downstream, 
would pass through the critical test areas in the channel, and produce mistake results. Therefore, 
 42 
 
it is necessary that ripple formation is avoided. By applying Garcia´s condition, the sediment 
Reynolds number for the current conditions can be calculated and compared to his recommended 
limit 11.6 to determine the possibility of ripple formation. By applying the following conditions: 
 
 Kinematic viscosity,  𝜈 = 1.14 ×  10−6𝑚2/𝑠. 
 Mean grain size, 𝐷50 = 1.6 𝑚𝑚 = 0.0016 𝑚. 
 Acceleration due to gravity, 𝑔 = 9.81 𝑚/𝑠2. 
 Initial flow depth (prior to scouring), 𝑑𝑜 = 16.14 𝑐𝑚 = 0.1614 𝑚. 
 Channel width, 𝑏 = 2.52 𝑚.   
 Relative density of sediment, 𝛾𝑠 = 2.65. 
 
Hydraulic radius,  𝑅ℎ = 
𝑓𝑙𝑜𝑤𝑎𝑟𝑒𝑎
𝑤𝑒𝑡𝑡𝑒𝑑𝑝𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟
= 
(2.52)  ×  (0.1614)
2.52 + (0.1614 × 2)
= 0.143 𝑚 
Streamwise slope,  𝑆 = 0.0016 
Shear velocity,  𝑢∗ = √𝑔 𝑅ℎ 𝑆 = √(9.81 𝑚/𝑠2) × (0.143 𝑚) × (0.0016) = 0.0473 𝑚/𝑠 
The sediment Reynolds number is:  
 
𝑅𝑒∗ =
𝑢∗ 𝐷50
𝜈
=  
(0.0473 𝑚/𝑠) × (0.0016 𝑚)
1.14 ×  10−6𝑚2/𝑠
= 75.68 
𝑛 =
𝑑50
1
6⁄
21
                                                                   (3.1) 
 
Where:  𝑛 = roughness Manning coefficient from Strickler equation.  
𝑛 =
𝑑50
1
6⁄
21
=
(1.6  ×  10−3)
1
6⁄
21
= 0.016 
 
A sediment Reynolds number, 𝑅𝑒∗ = 75.68 > 11.6 indicates that ripple formation will not 
occurs. Preliminary tests were run at different flow rates and depth with a sediment bed having 
𝐷50 = 1.6 𝑚𝑚. The sediment exhibited no tendencies to form ripples, and was therefore used 
throughout all tests. 
 
The sediment gradation (equation 3.2) refers to the type of particle size distribution in certain 
sediment. Sediment with a wide range of particle sizes is considered to be non-uniform, and that 
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with a narrow range of sizes particle is considered to be uniform. The uniformity is quantified by 
the geometric standard deviation, 𝜎𝑔, of the particle size distribution: 
 
𝜎𝑔 = √𝐷84 .  𝐷16                                                     (3.2) 
Where: 
 
𝐷84 = Particle size for which 84 % of the sediment mixture was finer, and,  
𝐷16 = Particle size for which 16 % of the sediment mixture was finer. 
 
𝜎𝑔 = √𝐷84 .  𝐷16 = √1.94 ×  0.957 = 1.36 
 
Non-uniform sediment mixtures (𝜎𝑔 > 1.5) consistently produce scour depths, which are less 
than those produced by uniform sediments. Both the rate of scour and the maximum scour depth 
decrease with increasing standard deviation. This trend is explained by the armoring effect. The 
armor layer develops as the finer particles are easily entrained into the flow and thus are 
transported away from the sediment mixture. This result in a coarser layer remaining which in 
turn is more resistant to scour. Many researchers report these findings, including Yaroslavtziev 
(1954), Jarocki (1961), Laursen (1963), Shen et al. (1966), Melville (1975), and Kwan (1988).  
 
As 𝜎𝑔 increases, the size of the particles in the remaining armor layer, this thus decreases the 
potential maximum scour depth.  
 
3.2.3 Boundary Conditions 
 
To carry out the tests we had to determine a fundamental parameter, which is the flow rate, there 
are two pumps in the laboratory of 175 l/s each, which work together. Then, based on data 
presented below other characteristics have been determined. 
 
Channel width: b = 2.52 m, Sediment diameter: D50 = 1.6 mm,γ = 1  T/m
3 andγs =
2.65 T/m3. 
 
The longitudinal average channel slope obtained by averaging the slopes of the three sections of 
the channel:𝑆𝑜 = 0.0016 (see figure 3.4). 
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We must complete the condition: 
𝑦
𝐷50
= 50                                                                   (3.3) 
 
That does not influence the size of the sediment in the maximum erosion. This has earned it and 
𝑦 ≥ 50 × 1.6 = 80 𝑚𝑚 = 8 𝑐𝑚. Since this has taken 𝑦 ≥ 9 𝑐𝑚 for safety. 
 
First, calculate the flow rate for the normal depth, as follows: 
 
𝑄 =
1
𝑛
 .  𝐴 .  𝑅ℎ
2
3⁄  .  𝑆𝑜
1
2⁄                                                       (3.4) 
 
𝑄 =
1
0.016
 ×  2.52  ×   𝑦
5
3⁄  ×  [
1.6
1000
]
1
2⁄
= 6.25 𝑦
5
3⁄  
 
To get the initiation of motion must achieve:
𝜏𝑐𝑟
𝜏𝑜
= 1 
𝜏∗ =
𝜏𝑐𝑟
(𝛾𝑠−𝛾) .  𝐷50
                                                             (3.5) 
 
Shields parameter𝜏∗ can obtaine from Shields diagram in figure 3.6, depending on the diameter 
of the sediment 𝐷50 = 0.0016, sediment Reynolds number𝑅𝑒∗ = 75.68 and with the third 
parameter defined by ASCE: 
𝑑50
𝜈
√0.1 (
𝛾𝑠
𝛾
− 1) 𝑔 . 𝑑50  =  
0.0016
1 .  10−6
√0.1 × (
2.65
1
− 1)  ×  9.81 ×  0.0016  = 71.42 
Entering these values (75.68 and 71.42) into Shields diagram (figure 3.6), yields a dimensionless 
Shields parameter shear stress of: 𝜏∗ = 0.05, the calculate 𝜏𝑐𝑟 from equation 3.5: 
 
𝜏𝑐𝑟 = 0.05 × (2.65 − 1)  ×  9.81 ×  1000 ×  0.0016  = 1.2949 
𝑁
𝑚2⁄  
 
𝜏𝑜 = 𝛾 .  𝑅𝐻 .  𝑆𝑂 = 1 .  𝑦 .  
1.6
1000
 .  (9.81 ×  1000 𝑁 𝑚2⁄ ) = 15.696 𝑦 
If 𝜏𝑐𝑟 = 𝜏𝑜, we get: 
 
1.2949 = 15.696 𝑦⇒𝑦 = 8.25 𝑐𝑚, and 𝑄 = 6.25 𝑦
5
3⁄ = 6.25 ×  (0.0825 𝑚)
5
3⁄ =
0.09771 𝑚3/𝑠𝑄 = 97.72 𝑙/𝑠. 
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Figure 3.6Shields diagram, with the third coordinate defined by ASCE. 
 
 
But if y < 8 cm, it’s not important if does not complete the condition (3.3), we sought another 
solution. This consists of applying a depth of 9 cm downstream. The calculations are as follows: 
 
𝜏𝑐𝑟 = 1.2949 
𝑁
𝑚2⁄ . The same value because it is independent, and hydraulic radius = 0.084 m. 
 
𝜏𝑜 = 𝛾 . 𝑅𝐻 . 𝑆𝑓 = 1 ×  9.81 ×  1000 ×  0.084 . 𝑆𝑓 = 1.2949 
𝑁
𝑚2⁄ because(𝜏𝑜 = 𝜏𝑐𝑟), then the 
friction slope:𝑆𝑓 =
1.2949
824.04
= 0.00157(We observe that the longitudinal slope is different from 
friction slope for not being in uniform regime). 
 
With this data and applying equation 3.4 we obtained the discharge: 
 
𝑄 =
1
0.016
 ×  2.52 ×  0.09 ×  (0.084)
2
3⁄  ×  [0.00157]
1
2⁄ = 0.10773 𝑚3/𝑠 = 107.73 𝑙/𝑠 
 
Thus the flow rate at the stationary state is 107.73 l/s, which provides a depth of about 9-cm 
approximately, but we choose a discharge 𝑄 = 116.62 𝑙/𝑠 to work with higher depth about 
16.14 cm, and we can study submerged vanes with an adequately height of vane H = 7-cm.  
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Boundary conditions determined: 
 
Initial flow depth (prior to scouring): 𝑑𝑜 = 0.1614 𝑚. 
 
Flow discharge: 𝑄 = 11.6617 l/s 𝑄 = 0.116617  𝑚3/𝑠. 
 
Mean flow velocity: 𝑢 = 0.2867 m/s  
 
Flow Froude number:  𝐹𝑅 = 
u
√𝑔𝑑
= 0.2278  
Hydraulic radius:  𝑅ℎ = 
𝑓𝑙𝑜𝑤𝑎𝑟𝑒𝑎
𝑤𝑒𝑡𝑡𝑒𝑑𝑝𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟
= 
(2.52)  × (0.1614)
2.52 + (0.1614  × 2)
= 0.143 𝑚 
Roughness Manning coefficient: 𝑛 =
𝐷50
1
6⁄
21
= 0.016 
Energy Solpe: 𝑆𝑓 =
𝑛2𝑄2
𝐴2𝑅ℎ
4
3⁄
= 0.0002913 
Friction Factor: 𝑓 =
8 𝑔 𝑅ℎ 𝑆𝑓
𝑢2
= 0.038 
Flow Reynolds number:  𝑅𝑒 = 
4 u 𝑅ℎ
𝜈
= 143853  
Shear velocity,  𝑢∗ = √𝑔 𝑅ℎ𝑆𝑓 = √(9.81 𝑚/𝑠2)  ×  (0.143 𝑚) × (0.0002913) = 0.020 𝑚/𝑠 
The sediment Reynolds number is:  𝑅𝑒∗ =
𝑢∗ 𝐷50
𝜈
= 
(0.020 𝑚/𝑠) × (0.0016 𝑚)
1.14 × 10−6𝑚2/𝑠
= 32.35 
Velocities ratio: 
𝑢
𝑢∗
= 14.19 
Critical shear stress: 𝜏𝑐𝑟 = 1.2949 
𝑁
𝑚2⁄  
Normal shear stress: 
𝜏𝑜 = 𝛾 . 𝑅𝐻 . 𝑆𝑓 = 1 ×  9.81 ×  1000 ×  0.143 ×  0.0002913 = 0.4089 
𝑁
𝑚2⁄  
Normal / critical shear stresses ratio:  
𝜏𝑜
𝜏𝑐𝑟
=
0.4089
1.2949
= 0.3158 < 1(The bed stress conditions are 
below the threshold of movement of the particles). 
 
Table 3.2summarizes all boundary conditions for the test and design parameters, and table 3.3 
illustrates the primary calculations of principal parameters, before the experiments done (all 
calculations were done with the mean flow velocity).  
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Table 3.1Boundary conditions and design parameters. 
 
 
 
Table 3.2Primary calculations. 
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3.3 Experimental Process 
 
3.3.1 Preparation for Experiments 
 
To get accurate results, should be mounting the experiment in correct processing. The procedures 
used to prepare each experiment in the channelwas always the same:  
 
 The first step before starting the experiment is to screen the sand with a shovel and a sieve. 
Otherwise there could ditch armoring due to the appearance of sediment particles of a larger 
size. 
 Since the carriage slides on the channel side guides must thoroughly clean these guidelines, 
as sand accumulates in them and that make it more difficult than the straightening process. 
 Smooth the bed of the channel to the desired slope. For that we have to adjust the side metal 
guides to the 0.0016 of slope, then using some sergeants support the wood strip to the 
carriage and finally we sliding the carriage to get a flat surface with the desired slope. 
 The sand bed in the channel test section was leveled to an elevation equal to that of the 
upstream fixed-bed section. 
 Vanes (14 mm-thick PVC sheets is buried about 40 cm approximately) with a given height 
and length were inserted completely vertical into the sand bed, so that the walls do not 
influence the scour hole and to avoid possible effects stack alignment with the flow. Their 
angle of attack was set and established with a specially designed angle. Vane placement 
was transverse distance from the channel outer bank location was 𝛿𝑏 = 1.26 𝑚 (at the 
centerline of the channel), which resulted in the dimensionless  
𝛿𝑏
𝑏⁄ = 0.5. 
 Place a crossbar to put the gauge that we will use to control the depths. 
 Water was admitted slowly to the channel.  
 Since the channel is filled with water from downstream through a hose, it is necessary to 
obtain bricks surround the flow out in a controlled manner and does not create erosion. When 
making a wall around the water outlet hose got dissipate energy and not destroy the sand bed. 
 It is necessary to cover the downstream boundary condition, so we get great depths and low 
velocities and so does not begin to erode. After this we will have to remove it slowly to 
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beginning the test, i.e., removing bricks will go up to the clear water condition at the initial of 
motion. 
 
3.3.2 Experimental Procedure and Protocol 
 
The procedure and protocol used to prepare each experiment in the channel, was always the 
same: 
 
 Check that the drain valves are closed. 
 Turn on the computer and probes. 
 Turn on the pumps. 
 Take readings of the elevations of the bed channel. 
 Open the hose to fill the channel from downstream, this process may take an hour. 
 Once channel was flooded, opened slightly the main valve, then closes the hose and removes 
the bricks that are around it. 
 When opening the main valve, the water level in the channel will increase and decrease in the 
lower reservoir, must be controlled that not less than certain level, otherwise air would enter 
to the pumps. 
 To maintain the water level in the lower reservoir, we need to go slowly boundary condition. 
Removing a brick boundary condition, the water level in the channel decrease, and in the 
lower reservoir increase, at this moment, we can open a little more main valve until the water 
level in the channel reach to 228 mm. If we allow the water level in the channel is above 228 
mm, the lower reservoir would run out of water and would enter air to the pumps. 
 This process is repeated until reaching the desired flow. 
 Once flow is reached, Q = 116.62 l/s, it will continue removing bricks until achieving the 
determine water depth, d = 0.1614 m, which are 6 bricks. 
 
During the days throughout the experiment, is necessary to control the water level in the lower 
reservoir, since in the process water recirculation watering this is going down and the level goes 
down. So if the reservoir level is low down will have to add water with a hose to prevent air 
entering to the pumps. 
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3.3.3 End of Experiments 
 
After a period of 48 hours approximately of continuous operation (to reach the steady state or 
equilibrium condition), the test was stopped and the water was slowly drained from the channel: 
 
 Put bricks boundary condition slowly. 
 Close the main valve. 
 Turn off the pumps. 
 Open both drain valves. 
 Close the program and disconnect probes. 
 
 
3.3.4 Test Duration 
 
It is common practice in sediment transport studies investigating maximum local scour 
phenomena, to allow tests to run until a quasi-equilibrium condition is reached. However, it is 
the nature of sediment transport that equilibrium is reached asymptotically only after a 
significant amount of time has elapsed. To overcome this, researchers often run tests to 
determine the time required for equilibrium, and then determine the value of the property they 
are examining (e.g., depth of local scour, volume of sediment transport, etc.) at equilibrium. 
They may then determine the time required to reach say, 80% of the equilibrium value, run tests 
for that length of time and scale remaining 20% up based on the determined ratios. This practice 
is less adapted for the current study since the flow dynamics are highly three-dimensional and 
hence the time required to reach equilibrium conditions is not necessarily constant for all tests 
performed.    
 
For many of the tests performed in this study, it was found that submerged vanes perform well 
for the first 12 hours of model operation. In fact, most tests indicated that submerged vanes are 
capable of achieving 80% improvement in scour depth at the outer bank within this time. 
However, after approximately 48 hours, secondary flow effects become exaggerated and result in 
diminished submerged vanes performance. 
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One common characteristic that occurred after 12 hours was the development of local scour 
holes in the area affected by vanes. Once a scour hole would reach a certain size, flow separation 
would occur at the bed and would in turn further scour hole development. Another undesirable 
phenomenon was the continuous removal of sediment that occurred if a test was allowed to run 
for an extended duration. See section 4.4 for experiments time duration details. 
 
3.4 Design of Vanes and Placement 
 
Vanes were made of 14-mm-thick PVC sheets. They were cut into rectangular shape, with height 
7-cm (H = 0.4375d), and length 25-cm (L = 3.5H). In all tests, the vanes were placed at an angle 
of attack of 20 degrees, the value of α is positive because the vane is installed at an angle of 
attack set counter-clockwise (plane view) to the main flow direction, the corresponding range of 
aspect ratios (𝐻 𝑑𝑜
⁄ ) was 0.12 < 𝐻 𝑑𝑜
⁄ < 0.48 and (𝐻 𝐿⁄ ) ratios was: 0.1 <
𝐻
𝐿⁄ < 0.5. (figure 
3.7). 
 
Furthermore, this investigation studying hydrodynamic characterization and physical flow 
turbulence of submerged vanes, for this reason, testing was restricted to a single vane. The 
transverse distance from the channel outer bank to the vane centerline location was δb = 1.26 m 
(at the centerline of the channel), which resulted in the dimensionless 
δb
b⁄ = 0.5, figure 3.7 
illustrate vane placement and design parameters, take the point (0,0,0) in the center of the vane, 
axes positives toward downstream the channel, take the point 0 of the slab z-axis positive 
towards the channel depth, and figure 3.8 describe coordinates system used and flow direction. 
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Figure 3.7Schematic showing vane parameters, angle of attack, coordinates system, and flow direction. 
 
 
 
 
Figure 3.8Vane placement and design parameters, no schematic scale. 
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3.5 Depth and Flow Measurements 
 
3.5.1 Depth Measurements 
 
Depths have been measured at specific points and have become a crossbar and gauge (figure 
3.9). Depths were obtained by difference in elevations between the bed of the channel and the 
elevation of the water surface.  
 
To have good references has always tried to measure at the 
same points, and this has to get some points physically 
accessible. 
 
The points selected were located at 40-cm from the channel 
bank: 
 
The first was placed 60-cm upstream from the vane, the 
second was placed 30-cm upstream from the vane and the 
third 100-cm downstream of the vane.  
 
These were used to calculate flow velocities in the longitudinal direction in certain points of the 
channel and to monitor the progress of the tests and their stability over time. 
 
Channel depth 𝑑 was determined as:   
 
𝑑 = 17.74 (bed channel elevation) − 1.60 (water surface elevation) = 16.14 𝑐𝑚. 
 
3.5.2 Flow Measurements 
 
The flow rate was measured in the triangular dump located at the end of the channel (see figure 
3.5). With a crossbar and a gauge measures the elevation existing water when the level water 
surface is stabilized, which allows obtaining the flow rate: 
𝑄 = 1.366 ×  [ℎ(𝑚) + 0.0008]
5
2⁄ = 116.62 𝑙/𝑠   where: ℎ = 102.35 − 65.06 = 37.29 𝑐𝑚. 
h: is the height of water respect to the tip of the triangle dump, so that had previously been 
calibrated. 
 
Figure 3.9    Depth Gauge scale 
used. 
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3.6 Velocities Devices, Installation and Measurements 
 
3.6.1 Acoustic Doppler Velocimeter, ADV 
 
The Acoustic Doppler Velocimeter, ADV, is a point-velocity measurement device that has been 
tested for a wide range of water current environments to measure one or more components of 
instantaneous velocity time series from which mean velocity, turbulence statistics and turbulence 
spectra are calculated. It was developed in 1992 for the U.S. Army Corps of Engineers 
Waterways Experiment Station to measure three-dimensional flows in physical models with sub-
centimeter resolution, a minimum of 25Hz sampling rate (Lohrmann et al. 1994). 
 
The ADV is now a standard instrument for measuring 
velocity and turbulent statistics in the laboratory and 
the field. 
 
Figure 3.10 indicated ADVs are well suited to 
characterize the mean velocity and turbulence 
characteristics at discrete points. Recent examples of 
acoustic measurements include those in flumes 
(Voulgaris and Trowbridge 1998), tidal channels 
(Thomson et al. 2010) and rivers (Holmes and Garcia 
2008; Babaeyan-Koopaei et al. 2002). Measurements 
obtained using an ADV may contain errors that are 
mainly caused by Doppler noise and signal subdued. The instrument model, fluid characteristics 
and flow conditions that include flow velocity, presence and characteristics of suspended 
particles in the flow, and turbulence affect the Doppler noise. The signal subdued is due to the 
methodology used to calculate the velocity by the instrument (Nikora and Goring 1998; Cea et 
al. 2007). These errors can significantly increase the variance of the data, bias the mean velocity 
and alter the turbulence spectra, especially in the high frequency range. 
 
A post-processing methodology capable of detecting errors is therefore crucial for assuring the 
quality of ADV data. These errors may appear as spikes in the data, or may appear as normal 
fluctuations in the velocity that are difficult to detect. If one is only interested in the 
 
Figure 3.10   ADV probes includes four 
receive transducers. 
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measurement of the mean velocity, calculating the data after the spikes are detected and removed 
is generally sufficient. If one is interested in calculating the turbulence spectra, data replacement 
is necessary. It should be emphasized that data replacement is not aimed at reconstructing the 
dataset, which would have been measured when errors in the dataset do not exist, but rather to 
fill in data gaps to ensure that they are continuous with respect to time, which is the prerequisite 
for power spectra computations. The statistical properties of the dataset should be the same if not 
similar to the dataset after the errors are removed. 
 
3.6.2 ADV Principle of Operation 
 
The ADV probe includes four receive transducers (figure 3.11). An ADV can measure 2D or 3D 
water velocity components within a small sampling volume (of the order of 1 cm³) at a short 
distance (typically 5 to 18 cm) from the transmit transducer (Nortek 2009; SonTek 2011a; 
SonTek 2011b). As reported by the manufacturers, the ADV models that are designed for field 
measurements are capable of measuring velocities typically up to 5m/s within 1% accuracy and 
up to a 25Hz-sampling rate. Our advanced model can measure velocities up to 7m/s with 
sampling rates as high as 200Hz. 
 
      
 
Figure 3.11Illustrations of Nortek Vectrino ADV probe head with four receive beams (adapted from Nortek 2009). 
 
An ADV operates by transmitting an acoustic pulse with a defined frequency and pulse duration. 
Four receive transducers (receivers) are positioned and focused on a finite (sampling) volume of 
space intersecting the transmitted beam path as shown in figure 3.11. The transmitted acoustic 
pulse is reflected by suspended particles in water (or bubbles) to all directions. Only the echoes 
that are perpendicular to the receivers are recorded by the ADV. The recorded echo is shifted in 
frequency if the particles are moving towards or away from the receivers (radial motion with 
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respect to the receivers). Angular motion of the particles with respect to the transducers causes a 
Doppler shift. This Doppler shifted frequency, measured by each receiver, is proportional to the 
component of the flow velocity along the receive beams. A minimum of three velocity 
components along the receive beams are required to reconstruct a 3D water velocity. A fourth 
receives transducer, which is available for some models, verifies the velocity data obtained. 
 
Since the probe measures the velocity of the scattering particle and not the fluid itself, the 
operation of the system assumes that the scattering particles follow the fluid flow. The density of 
the particle relative to the fluid density and the particle size will influence the particle’s ability to 
follow the fluid flow. Raffel et al. (2007) provide a discussion on tracer particle sizing. The 
particle relaxation time is a convenient measure of the tendency of a particle to attain equilibrium 
with the local fluid velocity. Scattering sources that do not follow the local flow will bias the 
measurement statistics.  
 
Underwood (1994) provides a detailed discussion of the features, capabilities and operation of 
the ADV. The ADV sensor sampling volume, formed at the intersection of the transmitter and 
receiver beams, is typically a cylindrical volume on the order of several mm in diameter with a 
length that is comparable to the diameter. The sampling volume is displaced from the probe head 
due to the probe head design. The absolute displacement is a function of probe design and can 
vary from several cm to over 15 cm. 
 
3.6.3 ADV Error and Signal Processing Methods 
 
Many investigators have addressed sources of error and the impact of noise on turbulence 
measurements (Hurther and Lemmin 2001; Finelli et al. 1999; Voulgaris and Trowbridge 1998; 
Nikora and Goring 1998). Spatial resolution filtering, the signal acquisition/ sampling frequency 
selected, signal processing and system noise can compromise measurement accuracy. Sample 
rate and signal processing can cause a low-pass temporal filtering as well as a velocity alias 
error. System noise, which typically includes sampling errors (channel drop-outs or loss of 
coincidence), Doppler noise, gradient errors and multi-probe signal contamination can also bias 
mean and turbulence velocity estimates. Some of these noise sources can be scale or frequency 
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dependent. Apart from these systematic errors, human error such as inaccuracy in aligning the 
ADV probe (Ansar and Nakato 2001) can alter the data significantly.  
 
The four receivers are separated each 120°. The apparatus is immersed in the flow and receivers 
are inclined 30° with respect to the axis of the transmitter, focusing on a sample volume that is 
located approximately 4.3 mm of the device, which ensures that no intrusion flow measured. 
 
The Vectrinos were been calibrated to work at 25Hz and for each position taken data for 4 
minutes. For each position there are seven Vectrinos 10-cm distance from one to other taking 
data, so data recorded 7 points at the same time, (figures 3.12 and 3.13). 
 
 
Figure 3.12ADV’s locations and range measurements, in x-, y-, and z-axis. 
 
 
      
Figure 3.13Installations before water was admitted; upstream (left) and downstream of vane (right). 
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3.6.4 Velocities Measurements 
 
Once the channel was prepared, with sand 𝑑50 = 1.6 𝑚𝑚, an initial flow depth, 𝑑𝑜 = 0.1614 𝑚, 
the discharge was 0.11662 m³/s = 116.62 l/s, and critical velocity was 0.020 m/s, proceeds to 
taking velocities measures. Data recorded were taking on about 24.080 points on whole the 
sectional cross channel, with the aim to measure the velocities once the channel-bed has reached 
to the permanent regime or steady state (equilibrium), Therefore, we leave the water circulated 
continuously during a whole 96 hours, because the 
sediment was deposited and we get the maximum 
local scour around the vane (steady state). Once upon 
expiry of this period of time was already well notified 
the influence of the Vane on transport of sediment on 
the channel, as it describes the theory, forms a dune 
on one side of the Vane and a deposition on the other, 
figure 3.14 indicate the positions of ADV after water 
was admitted.  
 
Figures 3.15 and 3.16 explain the coordinate system 
and velocities point’s measurements. 
 
Along the x-axis: 
 Between points: - 15 to - 55 cm upstream of vane, measured taken each 10 cm, 5 total 
measures. 
 Between points 0 to 160 cm downstream of vane, measured taken each 5 cm, 33 total 
measures.  
 
Along the y-axis: 
 From point + 34 to point – 35 cm, measured taken each 1 cm, 70 total measures. 
 
Along the z-axis: 
 From point 1 to point 8, measured taken each 1 cm, 8 total measures. 
 
 
Figure 3.14    Position of ADV’s and velocities 
measurements. 
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Figure 3.15    x-, y-, and z-coordinates system. 
 
 
Figure 3.16    Velocities points measured during experiments. 
 
Figures 3.17 y 3.18demonstrates velocities measurements in x-, y-, and z-directions by 7 ADV’s.  
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Figure 3.17Window with velocities measurements by 7 ADV’s. 
 
 
Figure 3.18Velocities measurements by one ADV in x-, y-, z-directions. 
 
Table 3.3 shows parameters design of ADV’s used, all experiments were done with 25 Hz 
frequency, 4.30 mm sampling volume, and 4 minutes as the range of each measure, table 3.4 
describean example of distances from bed measured by ADV, table 3.5 shows the correlation 
measurements, table 3.6 indicate Sound-Noise Ratio measurements, table 3.7 describes an 
example of velocities measurements in x-, y-, and z-directions, and finally, table 3.8 describes an 
example of amplitudes measurements.   
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Table 3.3Design parameters of ADV. 
 
 
 
Table 3.4Distances from bed measurements. 
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Table 3.5Correlation % measurements. 
 
Table 3.6Sound-Noise Ratio measurements. 
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Table 3.7Velocities measurements in x-, y-, and z- directions. 
 
Table 3.8Amplitude measurements. 
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3.7 Bed Topography Measurements 
 
Along with measurement of velocities, has 
taken thebed topography (bathymetry) of the 
channel-bed (Figure 3.19), the object to 
measure the bed topography was to evaluate 
the influence of the Vane in the transport of 
sediment in the cross sectional area of the 
channel. In order to make the map has been 
measured the height of the bed each 10 cm 
from the point -55 (upstream) to point 210 
(downstream) along the x-axis and each 1-cm 
from the point 70 to point -70 along the y-axis (axes according to Fig. 3.15), table 3.9 indicates 
scours depths measurements were done. 
 
Table 3.9Bed topography measurements by ADV. 
 
  
  
  
 
 
Figure 3.19    New arrangement of the DAV’S for bed 
topography measurements. 
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3.8 Pressure System, Installation and Measurements 
 
In the current dissertation, we development a system to measure the vertical pressure acting on 
both surfaces of vane, we installed 30 plastic tubes (1-mm diameter and 3.5-m long) in each side 
of Vane, points 1 to 30 on the left side of the Vane, and points 31 to 60 on the right side on the 
vane (viewing from upstream to downstream), all tubes were connected to a millimeter table as 
indicated in figures from 3.20 to 3.24. 
 
    
Figure 3.20Schematic showing installation and techniques to measure pressure acting on both sides of vanes,tubes inside 
the vanes(left) and pressure measured points on both sides (right). 
 
     
Figure 3.21Schematics showing pressure measured points located on the Vane sides, and flow direction, left side of vane 
with points from 1 to 30 (left), and right side of vane with points from 31 to 60 (right). 
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Figure 3.22Installation and techniques forpressure measurements acting on both sides of vanes; installation tubes in the 
channel and dynamic pressure system. 
 
  
Figure 3.23Dynamic pressure system forpressure measurements acting on both sides of vanes,after installations in the 
channel (left), and after water was admitted (right). 
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Figure 3.24Schematic showing pressure tubes installations. 
 
In this section, we developed 6 experimental pressures measurements acting on both sides of 
vane, with different boundary conditions, points from 1 to 30 located at the left side, and points 
from 31 to 60 located on the right side of submerged vane, according to figure 3.21.  
 
All experiments were done with the same; angle of attack α = 20°, vane length L = 25 cm, and 
flow discharge Q = 116,62 l/s, but with different; vane height, flow depth, and mean flow 
velocities, as indicates in table 3.10. 
 
Table 3.10Experimental pressures measurements at: α = 20°, L = 25 cm, Q = 116,62 l/s. 
 
Measurements 
Principal measurements 
(With modified bed after 
experiments done) 
 
Additional measurements 
(Original bed before experiments - flat slope = 0,0016) 
Design 
parameters 
I 
(Table 3.11) 
II 
(Table 3.12) 
III 
(Table 3.13) 
IV 
(Table 3.14) 
V 
(Table 3.15) 
VI 
(Table 3.16) 
𝒗 (𝒄𝒎/𝒔) 28,67 28,67 32,00 28,67 25,00 21,00 
𝒅 (𝒄𝒎) 16,14 16,14 14,30 16,14 18,30 21,80 
𝑯 (𝒄𝒎) 7 11 7 7 7 7 
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Results are classified in tables 3.11, 3.12, 3.13, 3.14, 3.15, and 3.16 each table contains pressure 
points x-, z-coordinates (Coordinates according to the vane axes, figure 3.21), and pressures in 
cm-wc (cm-water column).   
 
Table 3.11Principal experiment I - Pressures measurements at:α= 20°, H = 7 cm, L = 25 cm, Q = 116.62 l/s, ν = 0.2867 m/s, 
d = 16.14 cm, (With modified bed after experiments done). 
 
  
POINT 
X-
Coordinates 
(cm) 
Z-
Coordinates 
(cm) 
P  
(cm-wc) 
1 -10 1 15,2 
2 -9 3 15,2 
3 -9 -7 15 
4 -8 5 15 
5 -7,5 -2,5 15,1 
6 -7 2 15,1 
7 -6 4 15 
8 -5 0,5 14,8 
9 -5,5 -9,5 15,1 
10 -4 2,5 15,1 
11 -3,5 -5 15,2 
12 -3 4,5 15 
13 -2 1,5 15,1 
14 -1,5 -1,5 15,1 
15 -1 3,5 15,2 
16 1 4,5 15,3 
17 1,5 -4 15,1 
18 2 2 15,2 
19 3 4 15,1 
20 3,5 -8 15,2 
21 4 1 15,1 
22 5 3 15,1 
23 5,5 -2 15,2 
24 6 5 15,1 
25 7 0,5 15,2 
26 7,5 -6 15,2 
27 8 3,5 15,2 
28 9 1,5 15,2 
29 9,5 -3 15,1 
30 10 4,5 15,1 
 
POINT 
X- 
Coordinates 
(cm) 
Z-
Coordinates 
(cm) 
P  
(cm-wc) 
31 -10 4,5 15 
32 -9,5 -1 14,5 
33 -9 1,5 14,6 
34 -8,5 -6 15 
35 -8 3,5 14,8 
36 -7 0,5 14,7 
37 -6,5 -3 14,9  
38 -6 5 14,8 
39 -5 3 14,8 
40 -4,5 -1,5 15 
41 -4 1 14,9 
42 -3 4 14,8 
43 -2,5 -4 15 
44 -2 2 14,9 
45 -1 4,5 14,8 
46 -0,5 -2 15,2 
47 1 3,5 14,8 
48 2 1,5 15 
49 2,5 -1,5 15,1 
50 3 4,5 14,8 
51 4 2,5 14,9 
52 5 0,5 15 
53 5,5 -1  14,9 
54 6 4 15 
55 7 2 15 
56 8,5 -0,5 15,1 
57 8 5 15 
58 9 3 15 
59 9,5 -3 15,2 
60 10 1 15,2 
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Table 3.12Principal experiment II - Pressures measurements at:α= 20°, H = 11 cm, L = 25 cm, Q = 116.62 l/s, ν = 0.2867 
m/s, d = 16.14 cm, (With modified bed after experiments done). 
 
  
 
 
 
 
 
 
POINT 
X-
Coordinates 
(cm) 
Z-
Coordinates 
(cm) 
P  
(cm-wc) 
1 -10 1 16,2 
2 -9 3 16,1 
3 -9 -7 16,2 
4 -8 5 16 
5 -7,5 -2,5 15,6 
6 -7 2 16,2 
7 -6 4 16,1 
8 -5 0,5 15,8 
9 -5,5 -9,5 16,1 
10 -4 2,5 16,1 
11 -3,5 -5 16,1 
12 -3 4,5 16 
13 -2 1,5 16,2 
14 -1,5 -1,5 16,2 
15 -1 3,5 16,2 
16 1 4,5 16 
17 1,5 -4 16,2 
18 2 2 16,1 
19 3 4 16,2 
20 3,5 -8 16,2 
21 4 1 16,1 
22 5 3 16,2 
23 5,5 -2 16,1 
24 6 5 16,2 
25 7 0,5 16,1 
26 7,5 -6 16,1 
27 8 3,5 16,2 
28 9 1,5 16,1 
29 9,5 -3 16,2 
30 10 4,5 16,1 
 
POINT 
X-
Coordinates 
(cm) 
Z-
Coordinates 
(cm) 
P  
(cm-wc) 
31 -10 4,5 15,7 
32 -9,5 -1 15,6 
33 -9 1,5 15,7 
34 -8,5 -6 15,5 
35 -8 3,5 15,8 
36 -7 0,5 15,6 
37 -6,5 -3  15,7 
38 -6 5 15,8 
39 -5 3 15,7 
40 -4,5 -1,5 15,6 
41 -4 1 15,6 
42 -3 4 15,7 
43 -2,5 -4 15,8 
44 -2 2 15,7 
45 -1 4,5 15,8 
46 -0,5 -2 16 
47 1 3,5 15,7 
48 2 1,5 15,8 
49 2,5 -1,5 16,1 
50 3 4,5 15,8 
51 4 2,5 15,9 
52 5 0,5 15,9 
53 5,5 -1  16 
54 6 4 15,8 
55 7 2 15,9 
56 8,5 -0,5 16,1 
57 8 5 15,9 
58 9 3 16 
59 9,5 -3 15,1 
60 10 1 16,1 
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Table 3.13Experiment III - Pressures measurements at:α = 20°, H = 7 cm, L = 25 cm, Q = 116.62 l/s, ν = 0.32 m/s, d = 14.3 
cm, (Original bed before experiments - flat slope = 0,0016). 
 
  
 
 
 
 
 
 
POINT 
X-
Coordinates 
(cm) 
Z-
Coordinates 
(cm) 
P  
(cm-wc) 
1 -10 1 14,5 
2 -9 3 14,6 
3 -9 -7 14,7 
4 -8 5 14,3 
5 -7,5 -2,5 14,5 
6 -7 2 14,9 
7 -6 4 14,4 
8 -5 0,5 14,9 
9 -5,5 -9,5 14,3 
10 -4 2,5 14,4 
11 -3,5 -5 14,5  
12 -3 4,5 14,6 
13 -2 1,5  14,6 
14 -1,5 -1,5 14,5 
15 -1 3,5 14,6 
16 1 4,5 14,7 
17 1,5 -4 14,6 
18 2 2 15,1 
19 3 4 14,5 
20 3,5 -8 14,4 
21 4 1 14,5 
22 5 3 14,5 
23 5,5 -2 14,6 
24 6 5 14,6 
25 7 0,5 14,5 
26 7,5 -6 14,5 
27 8 3,5 14,5 
28 9 1,5 17,6 
29 9,5 -3 14,6 
30 10 4,5 14,5 
 
POINT 
X-
Coordinates 
(cm) 
Z-
Coordinates 
(cm) 
P  
(cm-wc) 
31 -10 4,5 13,6 
32 -9,5 -1 14,2 
33 -9 1,5 13,7 
34 -8,5 -6 15,7 
35 -8 3,5 13,7 
36 -7 0,5 14,2 
37 -6,5 -3 14,3 
38 -6 5 13,8 
39 -5 3 14,2 
40 -4,5 -1,5 16,9 
41 -4 1 14,1 
42 -3 4 14 
43 -2,5 -4 14,5 
44 -2 2 14,2 
45 -1 4,5 14,1 
46 -0,5 -2  14 
47 1 3,5 14,1 
48 2 1,5 14,2 
49 2,5 -1,5 14,3 
50 3 4,5 14,2 
51 4 2,5 14,1 
52 5 0,5 14,4 
53 5,5 -1  14,2 
54 6 4 14,3 
55 7 2 14,6 
56 8,5 -0,5 14,4 
57 8 5 14,2 
58 9 3 14,3 
59 9,5 -3 14,5 
60 10 1 14,4 
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Table 3.14Experiment IV - Pressures measurements at:α= 20°, H = 7 cm, L = 25 cm, Q = 116.62 l/s, ν = 0.2867 m/s, d = 
16.14 cm, (Original bed before experiments - flat slope = 0,0016). 
 
  
 
 
 
 
 
 
 
 
POINT 
X-
Coordinates 
(cm) 
Z-
Coordinates 
(cm) 
P  
(cm-wc) 
1 -10 1 15,2 
2 -9 3 15,3 
3 -9 -7 15,1 
4 -8 5 15,2 
5 -7,5 -2,5 15,4 
6 -7 2 15,2 
7 -6 4 15,2 
8 -5 0,5 15 
9 -5,5 -9,5 15,1 
10 -4 2,5 15,3 
11 -3,5 -5  15,1 
12 -3 4,5 15,2 
13 -2 1,5 15,3  
14 -1,5 -1,5 15,4 
15 -1 3,5 15,3 
16 1 4,5 15,4 
17 1,5 -4 15,5 
18 2 2 15,3 
19 3 4 15,3 
20 3,5 -8 15,4 
21 4 1 15,5 
22 5 3 15,4 
23 5,5 -2 14 
24 6 5 15,3 
25 7 0,5 15,4 
26 7,5 -6 15,4 
27 8 3,5 15,3 
28 9 1,5 14,4 
29 9,5 -3 15,3 
30 10 4,5 15,4 
 
POINT 
X-
Coordinates 
(cm) 
Z-
Coordinates 
(cm) 
P  
(cm-wc) 
31 -10 4,5 14,7 
32 -9,5 -1 15,3 
33 -9 1,5 14,6 
34 -8,5 -6 14,5 
35 -8 3,5 14,6 
36 -7 0,5 15,2 
37 -6,5 -3 15,1 
38 -6 5 14,9 
39 -5 3 15,2 
40 -4,5 -1,5 16,3 
41 -4 1 15,2 
42 -3 4 15,1 
43 -2,5 -4 14,3 
44 -2 2 15,2 
45 -1 4,5 15,1 
46 -0,5 -2  15,2 
47 1 3,5 15,1 
48 2 1,5 15,2 
49 2,5 -1,5 15,3 
50 3 4,5 15,2 
51 4 2,5 15,2 
52 5 0,5 15,2 
53 5,5 -1  15,1 
54 6 4 15,1 
55 7 2 11,7 
56 8,5 -0,5 15,3 
57 8 5 15,2 
58 9 3 15,3 
59 9,5 -3 15,5 
60 10 1 15,4 
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Table 3.15Experiment V - Pressures measurements at:α= 20°, H = 7 cm, L = 25 cm, Q = 116.62 l/s, ν = 0.25 m/s, d = 18.3 
cm, (Original bed before experiments - flat slope = 0,0016). 
 
 
 
 
 
 
 
 
 
 
 
POINT 
X-
Coordinates 
(cm) 
Z-
Coordinates 
(cm) 
P  
(cm-wc) 
1 -10 1 18,1 
2 -9 3 18,2 
3 -9 -7 18,5 
4 -8 5 18,1 
5 -7,5 -2,5 18,2 
6 -7 2 17,9 
7 -6 4 18,1 
8 -5 0,5 17,6 
9 -5,5 -9,5 18,1 
10 -4 2,5 18,2 
11 -3,5 -5  18,1 
12 -3 4,5 18,1 
13 -2 1,5  18,2 
14 -1,5 -1,5 18,3 
15 -1 3,5 18,4 
16 1 4,5 18,1 
17 1,5 -4 18,3 
18 2 2 18 
19 3 4 18,2 
20 3,5 -8 18,2 
21 4 1 18,1 
22 5 3 18 
23 5,5 -2 18,6 
24 6 5 18,3 
25 7 0,5 18,3 
26 7,5 -6 18,4 
27 8 3,5 18,4 
28 9 1,5 18,5 
29 9,5 -3 18,3 
30 10 4,5 18,4 
 
POINT 
X-
Coordinates 
(cm) 
Z-
Coordinates 
(cm) 
P  
(cm-wc) 
31 -10 4,5 17,8 
32 -9,5 -1 18,1 
33 -9 1,5 17,9 
34 -8,5 -6 18,8 
35 -8 3,5 17,8 
36 -7 0,5 18,2 
37 -6,5 -3 18,3 
38 -6 5 18 
39 -5 3 18,2 
40 -4,5 -1,5 19,5 
41 -4 1 18,3 
42 -3 4 18,1 
43 -2,5 -4 18,5 
44 -2 2 18,1 
45 -1 4,5 18 
46 -0,5 -2 18,2  
47 1 3,5 18,1 
48 2 1,5 18,1 
49 2,5 -1,5 18,2 
50 3 4,5 18,1 
51 4 2,5 18,2 
52 5 0,5 18,3 
53 5,5 -1  18,5 
54 6 4 18,4 
55 7 2 14,6 
56 8,5 -0,5 18,3 
57 8 5 18,2 
58 9 3 18,3 
59 9,5 -3 18,4 
60 10 1 18,4 
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Table 3.16Experiment VI - Pressures measurements at:α= 20°, H = 7 cm, L = 25 cm, Q = 116.62 l/s, ν = 0.21 m/s, d = 21.8 
cm, (Original bed before experiments - flat slope = 0,0016). 
 
 
 
 
 
 
 
 
POINT 
X-
Coordinates 
(cm) 
Z-
Coordinates 
(cm) 
P  
(cm-wc) 
1 -10 1 21,7 
2 -9 3 21,8 
3 -9 -7 21,5 
4 -8 5 22 
5 -7,5 -2,5 22,1 
6 -7 2 21 
7 -6 4 22.1 
8 -5 0,5 21,3 
9 -5,5 -9,5 22,1 
10 -4 2,5 22,2 
11 -3,5 -5  22,4 
12 -3 4,5 21,8 
13 -2 1,5 21,9  
14 -1,5 -1,5 22,2 
15 -1 3,5 22,2 
16 1 4,5 21,9 
17 1,5 -4 22,3 
18 2 2 21,2 
19 3 4 22,3 
20 3,5 -8 22,3 
21 4 1 22,3 
22 5 3 22,2 
23 5,5 -2 22,3 
24 6 5 22,2 
25 7 0,5 22,2 
26 7,5 -6 22,3 
27 8 3,5 22,4 
28 9 1,5 20,2 
29 9,5 -3 22,4 
30 10 4,5 22,3 
 
POINT 
X-
Coordinates 
(cm) 
Z-
Coordinates 
(cm) 
P  
(cm-wc) 
31 -10 4,5 22 
32 -9,5 -1 22,3 
33 -9 1,5 22 
34 -8,5 -6 22,2 
35 -8 3,5 22,1 
36 -7 0,5 22,3 
37 -6,5 -3 22,4 
38 -6 5 22,2 
39 -5 3 22,3 
40 -4,5 -1,5 20,8 
41 -4 1 22,3 
42 -3 4 22,2 
43 -2,5 -4 21,4 
44 -2 2 22,3 
45 -1 4,5 22,2 
46 -0,5 -2 22,4  
47 1 3,5 22,3 
48 2 1,5 22,2 
49 2,5 -1,5 22,3 
50 3 4,5 22,3 
51 4 2,5 22,2 
52 5 0,5 22,2 
53 5,5 -1  22,4 
54 6 4 22,3 
55 7 2 19,1 
56 8,5 -0,5 22,3 
57 8 5 22,2 
58 9 3 22,4 
59 9,5 -3 22,5 
60 10 1 22,4 
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Chapter  4: Experimental Submerged VanesResults and Discussion 
 
4.1 Introduction 
 
The water surface elevations were used to determine water surface slope 𝑆 and Darcy-Weisbach 
friction factor 𝑓 = 8 𝑔 𝑅 𝑆/ 𝑢𝑜
2, where 𝑢𝑜 = undisturbed velocity (pre-vane) cross-sectional 
average velocity, 𝑢𝑜 = 0.2867 m/s. The vane was made of 14-mm-thick PVC sheet, rectangular 
in shape, with height 𝐻 = 7 𝑐𝑚 (0.4337𝑑𝑜) and length 𝐿 = 25 𝑐𝑚 (3.57𝐻), in all tests, the 
vane was placed at an angle of attack of 20 degrees with the channel centerline. 
 
In all tests with a single vane, vane height and length were 0.07-m and 0.25-m, respectively. 
Water depth was 0.1614-m, pre-vane water surface slope and friction factor were 1.6 × 10−4 and 
0.038, respectively. 
 
All results in this chapter were calculating by Matlab and plot after filtering and despiking the 
experimental data measured at the laboratory to avoid mistakes. Herein we show just some 
examples of results, all results and data can be observed in appendices sections. 
 
All results in this chapter were done taking into account the coordinates system as indicated in 
figures 3.15 and 3.16 (see chapter 3), at x = 0, y = 0 and z = 0 is the centerline of the vane. 
 
Figure 4.1 shows velocities filtered data percentages by despiking at 8-cm height from bed 
channel (as an example), figure indicates that the percentage of data filtered by despiking are 
approximately between zero and 10 % of data.    
 
Figure 4.1    Velocities filtered data percentages by despiking at 8-cm height from bed channel. 
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Figure 4.2 shows velocities filtered data percentages by measurements at 8-cm height from bed 
channel (as an example), figure indicates that the percentage of data filtered by measurements 
are approximately between zero and 10 % of data in determined sections, and about 30 % in 
other sections.     
 
 
Figure 4.2    Velocities filtered data percentages by measurements at 8-cm height from bed channel. 
 
 
Sections 4.2.1, 4.2.2 and 4.2.3 explains with details streamwise, transverse and vertical velocities 
distributions results, section 4.3 shows circulation, vortex formation analysis and vorticity 
calculations, section 4.4 indicates bed topography results, and finally section 4.5includes 
pressures and forces experimental results.   
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4.2 Velocities Analysis 
 
According to theory of submerged vanes in chapter 2, submerged vanes generate secondary 
circulation in the flow. The circulation alters magnitude and direction of the bed shear stresses 
and causes a change in the distribution of velocity, depth, and sediment transport in the area 
affected by vanes. 
 
To illustrate the changes in velocities distributions we will discuss in this section, the results 
obtained from the huge experimental data from the laboratory, as indicated in chapter 3, section 
3.6.4. 
 
4.2.1 Streamwise Velocities Distributions 
 
Figures 4.3 and 4.4 show streamwise velocity component x-y distributions as measured upstream 
and downstream from the vane, one at 2-cm height and the other at 8-cm height from the bed 
channel in z-direction. The distribution show that the vortex persisted a considerable distance 
downstream from the vane. The depressed core in the plots indicates the location of the vortex. 
Vortex is carried downstream, its strength decay and the depression of velocity become less 
pronounced. The figure shows that the flow is lifted-up on the pressure side of the vane (left 
side) and pressed-down on the suction side (right side), as results of the vortex motion.  
 
On the pressure side, the vertical velocity component of the vortex is upward and it brings the 
low velocity fluid up.On the suction side, the higher velocities are brought down toward the bed 
because the vertical velocities are there directed down toward the bed. Due to these 
modifications of the velocity distribution, the streamwise bed shear stress is higher on the suction 
side than on the pressure side. 
 
The velocities in figures 4.3 and 4.4 also indicate that there is a significant transport of volume 
flux from the pressure side to the suction side. Due to the no uniform distribution of streamwise 
velocity in the vertical direction, a net transport of momentum occurs in the transverse direction, 
this transport is described by the term 𝜕(𝑢𝑣)/𝜕𝑛 in the streamwise component of the momentum 
equation.  
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Figure 4.3    Streamwise velocity component (𝒖𝒙), x-y distributions at 2-cm height from bed channel, with 
𝑻
𝒅𝒐
= 𝟎.𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎. 𝟐𝟖, 𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎.𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎,𝟒𝟑𝟑𝟕 − Experimental results. 
 
 
Figure 4.4Streamwise velocity component (𝒖𝒙), x-y distributions at 8-cm height from bed channel, with 
𝑻
𝒅𝒐
= 𝟎.𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎. 𝟐𝟖, 𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎.𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎,𝟒𝟑𝟑𝟕 − Experimental results. 
 
𝑇: Submergence (distance from the water surface to the top of vane) = 9,14 cm. 
𝑑𝑜: Water depth = 16,14 cm,     𝐻: Vane height = 7 cm.     
𝑏: Channel width = 252 cm.𝐿: Vane length = 25 cm.𝛼: Angle of attack = 20°. 
 
Figure 4.5 shows streamwise velocity component y-z distributions as measured upstream and 
downstream from the vane. Streamwise velocities measured upstream of the vane indicate no 
changes in velocity distributions, velocities measured from the centerline of the vane toward 
downstream indicate significantly changes in streamwise velocity component distributions. Low 
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velocities appear on the pressure side of the vane (left side), and higher velocities are on the 
suction side of the vane (right side). 
 
  
Figure 4.5Streamwise velocity component (𝒖𝒙), y-z distributions – different sections in x-axis, with 
𝑻
𝒅𝒐
= 𝟎. 𝟓𝟔𝟔𝟑,
𝑯
𝑳
=
𝟎. 𝟐𝟖, 𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎. 𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎, 𝟒𝟑𝟑𝟕 − Experimental results. 
 
Figure 4.6 indicates streamwise velocities(𝑢𝑥) of tow profiles on y-axis, each one contains 10 
sections on x-axis, two of them upstream of vane (x/H = -3.57 and x/H = -2.14) and 8 sections 
(x/H = 2.14, x/H = 2.86, x/H = 3.57, x/H = 4.29, x/H = 5, x/H = 5.71, x/H = 6.43 and x/H = 7.14) 
downstream of vane on x-axis, when H is the vane height (7-cm).  
 
First profile located on the pressure-side of the vane (left side) at y = - 20 cm (y/L = - 0.8, when 
L is the length of the vane = 25-cm) from the center of vane, we can observe that the values of 
the streamwise velocities upstream of vane values close to the mean flow velocity but 
downstream of vane, the values take a different values, we are also plot the theoretical profile of 
velocities as Keulegan to compare profiles, upstream of vane velocities complete with the 
Keulegan profile.  
 
Second profile located on the centerline of the vane (y = 0 and y/L = 0), values indicate changes 
in velocities, and velocities alter in magnitudes due to the presence of vane and in the area 
affected by vane.  
 
 
81 
 
 
Figure 4.6Streamwise velocityprofiles(𝒖𝒙), x-z distributions – different sections in y-axis, with 
𝑻
𝒅𝒐
= 𝟎. 𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎. 𝟐𝟖,
𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎. 𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎, 𝟒𝟑𝟑𝟕 − Experimental results. 
 
Figure 4.7 shows streamwise velocity vectors y-z distributions as measured upstream and 
downstream from the vane. Vectors indicate the directions of the streamlines and also the 
changes of streamwise velocities in directions from one section to other. 
 
  
Figure 4.7    Streamwise velocity vectors(𝒖𝒙), y-z distributions – different sections in x-axis, with
𝑻
𝒅𝒐
= 𝟎. 𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎. 𝟐𝟖,
𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎. 𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎, 𝟒𝟑𝟑𝟕 − Experimental results. 
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4.2.2 Transverse Velocities Distribution 
 
Figures 4.8 and 4.9 shows transverse velocity component as measured experimentally in the 
laboratory upstream and downstream of the vane, at 2-cm and 8-cm height from the bed channel 
respectively. The negative values of transverse velocity in the area affected by vane indicate that 
the presence of the tip vortex. The distributions show that the vortex persisted a considerable 
distance downstream from the vane centerline from one section to the immediately downstream 
continuous section.  
 
The plots define the location of the vortex cores and show the merging of the vortex 
downstream, also show how the counter lines are lifted-up on the pressure side and pressed-
down on the suction side, indicating that the production of a net transport of momentum from 
one side of the channel to the other.  
 
Figures noted that the maximum transverse velocity is nearly the same in all cases, the lower 
measured values are due to a coherent vortex formation in the vane covered area throughout the 
channel, which reduce the naturally circulation generated in the bed channel. Outside the vane 
covered area, no vortex was observed. 
 
Note that, the area measured by probes 3 and 4 indicate the vortex formation in the vane-covered 
area (centerline of the vane located at point (0,0) with the centerline of the cross channel area). 
 
Figure 4.8Transverse velocity component (𝒖𝒚), x-y distribution at 2-cm height from bed channel, with 
𝑻
𝒅𝒐
= 𝟎. 𝟓𝟔𝟔𝟑,
𝑯
𝑳
=
𝟎. 𝟐𝟖, 𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎. 𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎, 𝟒𝟑𝟑𝟕 − Experimental results. 
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Figure 4.9Transverse velocity component (𝒖𝒚), x-y distribution at 8-cm height from bed channel, with 
𝑻
𝒅𝒐
= 𝟎. 𝟓𝟔𝟔𝟑,
𝑯
𝑳
=
𝟎. 𝟐𝟖, 𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎. 𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎, 𝟒𝟑𝟑𝟕 − Experimental results. 
 
Figure 4.10 shows transverse velocity component y-z distributions as measured upstream and 
downstream from the vane at differentlongitudinal sections of the channel, small positive 
transverse velocities appear on the left side of the vane (pressure side), and the negative 
transverse velocities appears on the right side of the vane (suction side), indicate that the 
presence of the vortex formation. 
 
  
Figure 4.10Transverse velocity component (𝒖𝒚), y-z distribution – different distances in x-axis, with 
𝑻
𝒅𝒐
= 𝟎. 𝟓𝟔𝟔𝟑,
𝑯
𝑳
=
𝟎. 𝟐𝟖, 𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎. 𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎, 𝟒𝟑𝟑𝟕 − Experimental results. 
 
Figure 4.11 shows transverse velocity component x-z distributions as measured upstream and 
downstream from the vane. Figures indicate the vortex appear at approximately 20-cm 
downstream from the vane centerline (three times of vane height – 3H), with the transverse 
velocity component between 15 and 20 cm/s, about 70 % less than the mean flow velocity. 
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Figure 4.11Transverse velocity component (𝒖𝒚), x-z distribution – different distances in y-axis, with 
𝑻
𝒅𝒐
= 𝟎. 𝟓𝟔𝟔𝟑,
𝑯
𝑳
=
𝟎. 𝟐𝟖, 𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎. 𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎, 𝟒𝟑𝟑𝟕 − Experimental results. 
 
Figure 4.12 shows transverse velocity vectors y-z distributions as measured upstream and 
downstream from the vane. Vectors indicate the directions of the streamlines and also the 
changes of transverse velocities in directions from one section to other, in the left side of the 
vane, velocity direction go to the left and in the right side of the vane, velocity direction go to the 
right.      
 
 
 
Figure 4.12    Transverse velocity vectors (𝐮𝐲), x-z distribution – different distances in y-axis, with 
𝐓
𝐝𝐨
= 𝟎.𝟓𝟔𝟔𝟑,
𝐇
𝐋
=
𝟎. 𝟐𝟖, 𝛂 = 𝟐𝟎𝐨,
𝐝𝐨
𝐛
= 𝟎.𝟎𝟔𝟒,
𝐇
𝐝𝐨
= 𝟎, 𝟒𝟑𝟑𝟕 − Experimental results. 
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When comparison transverse velocity component (𝑢𝑦) between 2 sections, one at – 55 cm (x/H = 
-7.86) upstream of vane and one at 15 cm (x/H = 2.14) downstream of vane on x-axis, we can 
observe that; transverse velocities upstream (without vane) are closed to zero, but downstream 
just 15 cm on x-axis from the centerline of vane takes zero values right and left of vane on y-
axis, then takes negative values till – 10 cm/s on the centerline of vane (figure 4.13 up), when 
plotted more sections downstream of vane (figure 4.13 down) we can see that all transverse 
velocities takes negative values in the area affected by vane, the result of that is the presence of 
vortex and we can demonstrate that the centerline of the vortex was on the centerline of the vane.  
 
 
 
Figure 4.13    Transverse velocity profiles(𝐮𝐲), at  
𝐳
𝐝
= 𝟎. 𝟓, 8-cm height from bed channel with different sections in x-axis, 
with 
𝐓
𝐝𝐨
= 𝟎. 𝟓𝟔𝟔𝟑,
𝐇
𝐋
= 𝟎.𝟐𝟖, 𝛂 = 𝟐𝟎𝐨,
𝐝𝐨
𝐛
= 𝟎. 𝟎𝟔𝟒,
𝐇
𝐝𝐨
= 𝟎, 𝟒𝟑𝟑𝟕 − Experimental results. 
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4.2.3 Vertical Velocities Distribution 
 
Figure 4.14 showsvertical velocity component x-y distributions as measured experimentally 
upstream and downstream from the vane, at 7-cm height from the bed channel in z-direction. The 
distribution shows that, on the left side of the vane (pressure side) presented high positive 
velocities values, and on the right side of the vane (suction side) presented high negative 
velocities values. Changes in experimental vertical velocity component from one side to other 
side of the vane indicate that the secondary current produced by vane eliminates or reduces the 
centrifugal-induced secondary current or transverse circulation, according to the theory of 
Odgaard. The secondary current forces high velocity surface current outward and low velocity 
near-bed current inward.  
Figure 4.14Vertical velocity component (𝒖𝒛), x-y distribution at 7-cm height from bed channel, with 
𝑻
𝒅𝒐
= 𝟎. 𝟓𝟔𝟔𝟑,
𝑯
𝑳
=
𝟎. 𝟐𝟖, 𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎. 𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎, 𝟒𝟑𝟑𝟕 − Experimental results. 
 
The resulting vortex sheet at the trailing edge of the vane roll up to form a large vortex springing 
from a position near the top of the vane. This vortex is carried with the flow downstream, where 
it gives rise to a secondary or helical motion of the flow and associated changes in bed shear 
stress and bed topography, as explains in chapter 5, section 5.2.2 and chapter 4, section 4.4 
respectively.  
 
Figures 4.15 shows vertical velocity component y-z distributions as measured experimentally 
upstream and downstream from the vane at different longitudinal sections of the channel, high 
positive vertical velocities appear on the left side of the vane (pressure side), and high negative 
vertical velocities appears on the right side of the vane (suction side).   
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Figure 4.15Vertical velocity component (𝒖𝒛), y-z distribution – different distances in x-axis, with 
𝑻
𝒅𝒐
= 𝟎.𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎. 𝟐𝟖,
𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎. 𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎, 𝟒𝟑𝟑𝟕 − Experimental results. 
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Figures 4.16 shows comparison between experimental results and Odgaard theory, results 
indicate that the experimental data was according to the theory.  
 
 
Figure 4.16    Vertical velocity component (𝒖𝒛), y-z distribution – different distances in x-axis, with 
𝑻
𝒅𝒐
= 𝟎.𝟓𝟔𝟔𝟑,
𝑯
𝑳
=
𝟎. 𝟐𝟖, 𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎. 𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎, 𝟒𝟑𝟑𝟕 – Comparsion between experimental results and Odgaard theory. 
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Figure 4.17 shows vertical velocity component x-z distributions on the left side of the vane, as 
measured upstream and downstream from the vane. Figures indicate the vortex appear at 
approximately 20-cm and extended to 70-cmdownstream from the vane centerline (from three 
times of vane height – 3H to ten times of vane height – 10H), with the vertical positive velocity 
component between 5 and 12 cm/s, about 35 % less than the mean flow velocity.  
 
 
Figure 4.17Vertical velocity component (𝒖𝒛), x-z distribution – different distances in y-axis, with 
𝑻
𝒅𝒐
= 𝟎.𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎. 𝟐𝟖,
𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎. 𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎, 𝟒𝟑𝟑𝟕 − Experimental results. 
 
Figure 4.18 shows vertical velocity component x-z distributions on the right side of the vane, as 
measured upstream and downstream from the vane. Figures indicate the vortex appear at 
approximately -15-cm and extended to 40-cm downstream from the vane centerline (from three 
times of vane height – 3H to six times of vane height – 6H), with the vertical negative velocity 
component between -5 and -12 cm/s, about 35 % less than the mean flow velocity with negative 
sign.  
 
 
Figure 4.18Continued – Vertical velocity component (𝒖𝒛), x-z distribution – different distances in y-axis, with 
𝑻
𝒅𝒐
=
𝟎. 𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎. 𝟐𝟖, 𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎.𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎,𝟒𝟑𝟑𝟕 − Experimental results. 
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Figures 4.19 shows vertical velocity vectors y-z distributions as measured upstream and 
downstream from the vane. Vectors indicate the directions of the streamlines and also the 
changes of vertical velocities in directions from one section to other. 
 
Figure 4.19    Vertical velocity vectors(𝒖𝒛), x-y distribution at 6-cm height from bed channel, with 
𝑻
𝒅𝒐
= 𝟎. 𝟓𝟔𝟔𝟑,
𝑯
𝑳
=
𝟎. 𝟐𝟖, 𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎. 𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎, 𝟒𝟑𝟑𝟕 − Experimental results. 
 
Figure 4.20    Vertical velocity profiles (𝒖𝒛), at different sections on x and y-axis, with 
𝑻
𝒅𝒐
= 𝟎. 𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎. 𝟐𝟖, 𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎. 𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎, 𝟒𝟑𝟑𝟕 − Experimental results. 
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4.3 Circulation and Vorticity Calculations 
 
A submerged vane at a small angel of attack with the flow, α, induces a horizontal circulation in 
the flow downstream. The circulation arises because the vertical pressure gradients on the tow 
surfaces of the vane cause the fluid flowing along the high-pressure (upstream) side to acquire an 
upward velocity component.  
 
The resulting vortices (vortex sheet) at the trailing edge of the vane roll up to form a large vortex 
springing from a position near the top of the vane. This vortex is carried with the flow 
downstream, where it gives rise to a secondary or helical motion of the flow and associated 
changes in bed shear stress and bed topography. 
 
Circulation can be calculated from the flowing equation, as mentioned before in chapter 2:   
 
Γ = 𝑣𝜃. 2 𝜋 𝑟 
 
Where: 
 
Γ : Circulation.  
𝑣𝜃 : Tangential velocity. 
 
𝑟 : Radial distance from vortex axis. 
 
Tangential velocities  𝑣𝜃 can calculate from equation 2.1, as indicated in chapter 2: 
 
 𝑣𝜃 =
𝛤𝑜
2𝜋𝑟
[1 − 𝑒 (− 
𝑢
4Ԑ𝑠
 𝑟²)] 
 
Where: 
 
𝛤𝑜 : Initial horizontal circulation at 𝑠 = 0, as calculated below. 
𝑢 =  𝑣𝑥 : Streamwise velocities components, measured in section 4.2.1 
𝑠 : Downstream distance along the vortex axis (x-axis). 
𝜀 : Eddy viscosity, as calculated below. 
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As mentioned in table 3.7 demonstrate that:  
 
Γ𝑜 =
𝜋. 𝛼. 𝐿. 𝑢 
(1 + 𝐿 𝐻⁄ )
= 0.017186 𝑚2/𝑠  
Where: 
 
𝛼 : Angle of attack (𝛼 =  20𝑜). 
𝑢 : Mean flow velocity (𝑢 =  0.28672 𝑚/𝑠). 
𝐿 : Vane length (𝐿 = 25 𝑐𝑚). 
𝐻 : Vane height (𝐻 = 7 𝑐𝑚). 
 
𝜀 =
𝑘2. 𝑢. 𝑑
[6𝑚. (1 + 1 𝑚⁄ ). (1 −
1
2𝑚⁄ ). (1 −
1
3𝑚⁄ )]
= 0.000229248 𝑚2/𝑠 
 
Where: 
 
𝑘 : Von Karman constant (𝑘 = 0.4). 
𝑑 : Flow depth (𝑑 = 0.1614 𝑚). 
m : Resistant coefficient. 
𝑚 = 
𝑘.𝑢
√𝑔.𝑆𝑓.𝑑
= 5.34 ,    Where:  
 
g : Acceleration (𝑔 = 9.81
𝑚
𝑠2
). 
𝑆𝑓 : Energy slope (𝑆𝑓 =
𝑛2. 𝑄2
𝐴2.  𝑅ℎ
4
3⁄
) = 0.000291362 
n : Manning coefficient (𝑛 =
𝐷
1
6 ⁄
21
= 0.016285485) 
D : Sediment mean diameter (𝐷 = 𝐷50 = 0.0016 𝑚). 
Q : Flow discharge (Q = 0.11662 𝑚3/s). 
𝑅ℎ : Hydraulic radius (𝑅ℎ = 0.143 𝑚). 
A : Wetted area of channel (𝐴 = 𝑏. 𝑑 = 2.52 ×  0.1614 = 0.406728 𝑚2). 
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Table 4.1 shows circulation at different sections downstream of vane, values indicate that the 
vortex start to disappear at 10 times of vane height downstream, also the maximum value of 
circulation was at the x = 25 cm (x/H = 3.57). 
 
Table 4.1   Circulation calculations at different sections downstream of vane, (H: Vane height = 7 cm). 
 
 
Distance 
downstream of 
vane (x/H) 
 
𝚪 : Circulation 
(𝒎𝟐/𝒔) 
 
 
Distance 
downstream of 
vane (x/H) 
 
𝚪 : Circulation 
(𝒎𝟐/𝒔) 
 
2,142857143 0.018970 8,571428571 0.003356 
2,857142857 0.012960 9,285714286 0.000035 
3,571428571 0.027680 10 - 0.003311 
4,285714286 0.026453 10,71428571 - 0.005507 
5 0.023623 11,42857143 - 0.006146 
5,714285714 0.018673 12,14285714 - 0.003848 
6,428571429 0.010357 12,85714286 - 0.004489 
7,142857143 0.007187 13,57142857 - 0.004667 
7,857142857 0.005017 14,28571429 - 0.005374 
 
 
Mathematically, the vorticity of a three-dimensional flow is a pseudo-vector field, usually 
denoted by ω, defined as the curl or rotational of the velocity field 𝑣 describing the fluid motion.  
 
In Cartesian coordinates: 
?̅? =  ∇  ×  ?̅?  = (
𝜕
𝜕𝑥
,
𝜕
𝜕𝑦
,
𝜕
𝜕𝑧
) × (𝑣𝑥, 𝑣𝑦, 𝑣𝑧) = (
𝜕𝑣𝑧
𝜕𝑦
−
𝜕𝑣𝑦
𝜕𝑧
 ,
𝜕𝑣𝑥
𝜕𝑧
−
𝜕𝑣𝑧
𝜕𝑥
 ,
𝜕𝑣𝑦
𝜕𝑥
−
𝜕𝑣𝑥
𝜕𝑦
)       (4.1) 
In words, the vorticity tells how the velocity vector changes when one moves by an infinitesimal 
distance in a direction perpendicular to it. 
 
In a two-dimensional flow where the velocity is independent of the z-coordinate and has no z-
component, the vorticity vector is always parallel to the z-axis, and therefore can be viewed as a 
scalar field: 
?̅? =  ∇  ×  ?̅?  = (
𝜕
𝜕𝑥
,
𝜕
𝜕𝑦
) ×  (𝑣𝑥, 𝑣𝑦) = (
𝜕𝑣𝑦
𝜕𝑥
−
𝜕𝑣𝑥
𝜕𝑦
)                           (4.2) 
The evolution of the vorticity field in time is described by the vorticity equation, which can be 
derived from the Navier–Stokes equations. 
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In many real flows where the viscosity can be neglected (more precisely, in flows with high 
Reynolds number), the vorticity field can be modeled well by a collection of discrete vortices, 
the vorticity being negligible everywhere except in small regions of space surrounding the axes 
of the vortices. This is clearly true in the case of 2-D potential flow (i.e. 2-D zero viscosity flow), 
in which case the flow field can be modeled as a complex-valued field on the complex plane. 
 
Vorticity is a useful tool to understand how the ideal potential flow solutions can be perturbed to 
model real flows. In general, the presence of viscosity causes a diffusion of vorticity away from 
the vortex cores into the general flow field. This flow is accounted for by the diffusion term in 
the vorticity transport equation. Thus, in cases of very viscous flows (e.g. Couette Flow), the 
vorticity will be diffused throughout the flow field and it is probably simpler to look at the 
velocity field than at the vorticity. 
 
Figures 4.21, 4,22 and 4.23 describe the cross-section of streamwise, transverse and 
verticalvorticity channel magnitude in y, z-directions𝜔𝑥 , 𝜔𝑦 and 𝜔𝑧 respectively,near the vane at 
x = 20-cm downstream, results were done by Matlab, using function Curl, note that the vorticity 
concentrate on the center line of vane and don’t takes values overall the flow depth, but vortex 
fill all flow depth, as indicated in figure 4.13. 
 
 
Figure 4.21    Vorticity (𝝎𝒙 ) – Near the vane in y-axis at x = 20 cm, 𝜞𝒐 = 𝟎.𝟎𝟏𝟕𝟏𝟖 𝒎
𝟐/𝒔 , 𝜺 = 𝟎. 𝟎𝟎𝟎𝟐𝟐𝟗 𝒎𝟐/𝒔 −
 Experimental results. 
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Figure 4.22    Vorticity (𝝎𝒚 ) – Near the vane in y-axis at x = 20 cm, 𝜞𝒐 = 𝟎.𝟎𝟏𝟕𝟏𝟖 𝒎
𝟐/𝒔 , 𝜺 = 𝟎. 𝟎𝟎𝟎𝟐𝟐𝟗 𝒎𝟐/𝒔 −
 Experimental results. 
 
 
Figure 4.23    Vorticity (𝝎𝒛 ) – Near the vane in y-axis at x = 20 cm, 𝜞𝒐 = 𝟎. 𝟎𝟏𝟕𝟏𝟖 𝒎
𝟐/𝒔 , 𝜺 = 𝟎. 𝟎𝟎𝟎𝟐𝟐𝟗 𝒎𝟐/𝒔 −
 Experimental results. 
 
 
Also, we calculate the angular velocity as the rate of change of angular displacement and are 
a vector quantity (pseudo-vector), which specifies the angular velocity (rotational velocity) of an 
object and the axis about which the object is rotating. The SI unit of angular velocity is radians 
per second, although it may be measured in other units such as degrees per second, degrees per 
hour, etc. The direction of the angular velocity vector is perpendicular to the plane of rotation, in 
a direction, which is usually specified by the right-hand rule. 
 
Figures 4.24, 4,25 and 4.26 describe the cross-section of the three components of the angular 
velocities magnitudes in y, z-directions 𝑉𝑥 , 𝑉𝑦  and 𝑉𝑧  respectively, near the vane at x = 20-cm 
downstream, results were done by Matlab, using function Curl. 
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Figure 4.24    Angular velocity (𝑽𝒙 ) – Near the vane in y-axis at x = 20 cm, 𝜞𝒐 = 𝟎.𝟎𝟏𝟕𝟏𝟖 𝒎𝟐/𝒔 , 𝜺 = 𝟎. 𝟎𝟎𝟎𝟐𝟐𝟗 𝒎𝟐/
𝒔 − Experimental results. 
 
 
Figure 4.25    Angular velocity (𝑽𝒚 ) – Near the vane in y-axis at x = 20 cm, 𝜞𝒐 = 𝟎. 𝟎𝟏𝟕𝟏𝟖 𝒎𝟐/𝒔 , 𝜺 = 𝟎. 𝟎𝟎𝟎𝟐𝟐𝟗 𝒎𝟐/
𝒔 − Experimental results. 
 
 
 
 
Figure 4.26    Angular velocity (𝑽𝒛 ) – Near the vane in y-axis at x = 20 cm, 𝜞𝒐 = 𝟎. 𝟎𝟏𝟕𝟏𝟖 𝒎𝟐/𝒔 , 𝜺 = 𝟎. 𝟎𝟎𝟎𝟐𝟐𝟗 𝒎𝟐/
𝒔 − Experimental results. 
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A streamline is defined as a continuous line within the fluid of which the tangent at any point is 
in the direction of the velocity at that point. Its relationship to the velocity field is thus analogous 
to the relationship of a line of force to an electric field. Patterns of streamlines are useful 
(particularly in tow-dimensional flow) in providing a pictorial representation of a flow. 
 
The streamlines for a known velocity field (𝑢, 𝑣, 𝑤) are given as solution of the pair of 
differential equations: 
𝑑𝑥
𝑢
=  
𝑑𝑦
𝑣
=  
𝑑𝑧
𝑤
 
 
Two streamlines cannot intersect except at a position of zero velocity; otherwise one would have 
the meaningless situation of a velocity with two directions. 
 
The streamlines showings in figures 4.27 and 4.28 can observe the instability caused by the vane, 
the streamlines that go by right to the vane jump for itself (moment of maximum velocity and 
vorticity),and then that streamlines cross over other lines, as a result, flux transport the sediment 
from one place to other in the cross-sectional area of the channel. Towards downstream of the 
channel, the magnitudes of the velocity and vorticity were decrease.  
 
 
Figure 4.27Velocities streamlines, 6-cm height from the bed channel, and colors indicate the magnitude of the velocity, 
with 
𝑻
𝒅𝒐
= 𝟎. 𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎.𝟐𝟖, 𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎. 𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎. 𝟒𝟑𝟑𝟕. 
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Figure 4.28Vorticity streamlines, 6-cm height from the bed channel, and colors indicate the magnitude of the vorticity, 
with 
𝑻
𝒅𝒐
= 𝟎. 𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎.𝟐𝟖, 𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎. 𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎. 𝟒𝟑𝟑𝟕, 𝜺 = 𝟎. 𝟎𝟎𝟎𝟐𝟐𝟗 
𝒎𝟐
𝒔
. 
 
4.4 Bed Topography Analysis 
 
Another important factor is that the channel bed topography measured along the cross channel 
area, during the measurements of velocities in all points, we registered bed elevation measured 
by the different Acoustic Doppler Velocimeter ADV, figures 4.29 and 4.30 illustrates the bed 
topography measurements at z = 2-cm and 6-cm height from bed channel, respectively, as 
examples, see appendix B for all bed topography results. 
 
Each measurement takes about 45 hours (5 measurements upstream of vane and 38 downstream 
of vane each 5-cm on x-axis), and each 1-cm on y-axis (from -35 to 34 about 70 points), that 
given about 3010 points measurements (43 x 70 = 3010 points) in each height from bed channel 
on z-axis (8 measures each 1-cm, noted as z=1 to z=8), the total points measured are 3010 x 8 = 
24080 points. 
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Figure 4.29Bed channel topography 2-cm height from bed channel, x-y horizontal channel. 
 
 
Figure 4.30Bed channel topography 6-cm height from bed channel, x-y horizontal channel. 
 
The final bed topography after all experiments done show in figure 4.31, we observed that the 
sediments accumulated downstream of vane in tow dune parts, one start just 60-cm downstream 
of vane and the other start about 120-cm from vane centerline. Results plotted by Matlab as 
shown in figure 4.32, as a result, the channel-bed aggrades in one portion of the channel cross-
section (downstream of vane) and degrades in another (upstream of vane). 
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Figure 4.31    Bed channel topography after the experiments done – 3D channel. 
 
 
 
Figure 4.32    Bed channel topography after experiment done, 3D-Channel. 
 
 
Dunes accumulated during the time of operation, as mentioned before, each measurement (from 
z=1 to z=8) take about 45 hours, the total time of operation in all experiments are 592,04 hours 
downstream approximately and 48,29 hours upstream of vane, that meaning the all time were 
640,33 hours including about 96 hours operating to reach the steady state.   
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To illustrate how the dune was accumulated during the time of operation, we graph all 
measurements in function of the time; figure 4.33 shows 8 measurements from z=1 to z=8-cm 
from bed channel with the accumulated time, for example; when we finished to measure z1 (z=1-
cm from bed channel), the time of operation in the channel from the start of experiments was 
180,22 hours. 
 
When we finished to measure z2 (z=2-cm from bed channel), the time of operation in the 
channel from start of experiments was 143,89 hours, z3 (z=3-cm from bed channel) was 283,80 
hours, z4 (z=4-cm from bed channel) was 250,52 hours, z5 (z=5-cm from bed channel) was 
220,32 hours, z6 (z=6-cm from bed channel) was 400,26 hours, z7 (z=7-cm from bed channel) 
was 362,17 hours, and finally z8 (z=8-cm from bed channel) was 320,62 hours, (we should to 
indicates that the measurements doesn’t were in order for the reason of facilities during the 
operation of channel). The order of measurements was: z=2, z=1, z=5, z=4, z=3, z=8, z=7, and 
finally z=6-cm from bed channel.   
 
 
 
Figure 4.33    Time of operation at end of each measurement with heights from bed channel. 
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4.5 Pressure and Forces Analysis 
 
The idea is calculated lift and drag forces from pressures measured data acting on both sides of 
submerged vanes. Tubes connected directly with each point to measured dynamic pressures 
experimentally; each vane side has 30 different located points, on the left side noted from 1 to 
30, and on the right side of vane noted from 31 to 60, (see figure 3.21 – chapter 3) for details. 
 
In static fluids, the normal stress is independent of orientation, and therefore the pressure is equal 
to any normal stress at a given position. In static fluids subjected to a gravitational field, the 
hydrostatic pressure difference between two locations A and B can be found as: 
 
∆𝑃 = 𝑃𝐴 − 𝑃𝐵 = −∫  𝜌 𝑔 𝑑𝑧 
𝑍𝐵
𝑍𝐴
                                             (4.3) 
 
Where z is a vertical upward direction (z-axis), g is the gravitational acceleration, and 𝜌 is the 
fluid density; both 𝑔 and 𝜌 could be functions of position (figure 4.34).  
 
𝑑𝐹𝑥 = (𝑃 𝑑𝐴) 𝐶𝑜𝑠 𝜃 + (𝜏𝑤 𝑑𝐴) 𝑆𝑖𝑛 𝜃                                          (4.4) 
 
𝑑𝐹𝑦 = − (𝑃 𝑑𝐴) 𝑆𝑖𝑛 𝜃 + (𝜏𝑤 𝑑𝐴) 𝐶𝑜𝑠 𝜃                                           (4.5) 
 
The net 𝑥 and 𝑦 components of the drag and lift forces on the vanefield are: 
 
𝐹𝐷 = ∫𝑑𝐹𝑥 = ∫𝑃 𝑐𝑜𝑠 𝜃 𝑑𝐴 + ∫ 𝜏𝑤 𝑠𝑖𝑛 𝜃 𝑑𝐴 = 𝑃 𝑑𝐴                            (4.6) 
𝐹𝐿 = ∫𝑑𝐹𝑦 = −∫𝑃 𝑠𝑖𝑛 𝜃 𝑑𝐴 + ∫ 𝜏𝑤 𝑐𝑜𝑠 𝜃 𝑑𝐴 = 𝑃 𝑑𝐴 𝑆𝑖𝑛 𝜃                        (4.7) 
 
 
Figure 4.34    Schematic showing the x and y components of drag and lift forces measured using pressure acting on both 
sides of vanes.S.R. Turnes, Thermodynamics: concepts and applications, Cambridge Univ. Press, 2006. 
 
𝐹𝐿 =
1
2
𝐶𝐿 𝜌 𝑢
2 𝐿 𝐻 𝑆𝑖𝑛 𝜃 = 𝑃 𝑑𝐴 𝑆𝑖𝑛 𝜃 ,        (𝑢 = 𝑢𝑦)                      (4.8) 
103 
 
𝐹𝐷 =
1
2
𝐶𝐷 𝜌 𝑢
2 𝐿 𝐻 = 𝑃 𝑑𝐴 ,       (𝑢 = 𝑢𝑥)                                 (4.9) 
From equations 4.8 and 4.9, we can get the following relation between lift and drag forces: 
 
𝐹𝐿 =
𝐶𝐿 𝑆𝑖𝑛 𝜃
𝐶𝐷
𝐹𝐷                                                        (4.10) 
Non-dimensional lift coefficient 𝐶𝐿 and drag coefficient 𝐶𝐷: 
 
𝐶𝐿 =
𝐹𝐿
1
2⁄  𝜌 𝑢
2 𝐴 
 =  
2𝑃
𝜌 𝑢2
 ,      (𝑢 = 𝑢𝑦)                                     (4.11) 
 
𝐶𝐷 =
𝐹𝐷
1
2⁄  𝜌 𝑢
2 𝐴
= 
2𝑃
𝜌 𝑢2
=
2 𝐹𝐷
𝜌 𝐿 𝐻 𝑢2
,       (𝑢 = 𝑢𝑥)                             (4.12) 
Note that: A: Characteristics area, frontal area or planform area.  
 
As mentioned in theory (chapter 2), we can related the drag and lift coefficients from: 
 
𝐶𝐷 =
1
2𝜋
𝐿
𝐻
𝐶𝐿
2    →    𝐶𝐿 = √
2𝜋 𝐻 𝐶𝐷
𝐿
                                         (4.13) 
 
4.5.1 Experimental Pressures Results 
 
In this section, present results of 6 experimental pressures measurements acting on both sides of 
vane, with different boundary conditions, points from 1 to 30 located at the left side, and points 
from 31 to 60 located on the right side of submerged vane, according to figure 3.21.  
 
All experiments were done with the same; angle of attack α = 20°, vane length L = 25 cm, and 
flow discharge Q= 116,62 l/s, but with different; vane height, flow depth, and mean flow 
velocities, as indicated in table 3.10, herein, we explain some examples of results, all 
experiments total and dynamic pressures,results in details can observed in appendix E.  
 
Total pressure results on the 30 points (from 1 to 30) located on the lift side of vane (view from 
upstream to downstream of vane), shows in figure 4.35, results plotted from experimental 
measurements as indicated in experiment I, (table 3.11 left), measurements in this experiment 
takes with modified channel bed (after the dunes formed by vane during transport of sediment). 
 104 
 
 
Figure 4.35    Total pressures (cm-wc) on the left-side of Vane points from 1 to 30 – Experiment (I) results. 
 
Total pressure results on the 30 points (from 31 to 60) located on the right side of vane (view 
from upstream to downstream of vane), shows in figure 4.36, results plotted from experimental 
measurements as indicated in experiment I, (table 3.11 right), measurements in this experiment 
takes with modified channel bed (after the dunes formed by vane during transport of sediment). 
 
Figure 4.36    Total pressures (cm-wc) acts on the right-side of Vane points from 31 to 60 – Experiment (I) results. 
Vortex presented as a results of the difference of pressures from one side to other side of the 
vane, circulation is due to the gradient of vertical pressures in the two surfaces of the vane (the 
pressure increases since low upwards in the side with low pressure whereas decreases since 
upwards in the side of high pressure), high pressure side takes one velocity component upwards 
and low pressure side takes velocity component downward.  
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Total pressure results on the 30 points (from 1 to 30) located on the lift side of vane (view from 
upstream to downstream of vane), shows in figure 4.37, results plotted from experimental 
measurements as indicated in experiment VI, (table 3.16 left), measurements in this experiment 
takes with natural channel bed(before the dunes formed by vane during transport of sediment). 
 
Figure 4.37    Total pressures (cm-wc) acts on the left-side of Vane points from 1 to 30 – Experiment (VI) results. 
 
Total pressure results on the 30 points (from 31 to 60) located on the right side of vane (view 
from upstream to downstream of vane), shows in figure 4.38, results plotted from experimental 
measurements as indicated in experiment VI, (table 3.16 right), measurements in this experiment 
takes with natural channel bed(before the dunes formed by vane during transport of sediment). 
 
 
Figure 4.38    Total pressures (cm-wc) acts on the right-side of Vane points from 31 to 60 – Experiment (VI) results. 
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4.5.2 Experimental Drag, Lift Forces and Coefficients Results 
Results presented in section 4.5.1 were by left and right sides of vane separately, the pressure 
difference between vane sides and resultant force acting on the vane are calculated and presented 
in figure 4.40 for experiment I and in figure 4.41 for experiment VI, respectively.  
Once obtained the experimental pressures measured at the laboratory on both sides of vane, the 
pressure difference between vane sides (∆𝑃), and the perpendicular resultant force (𝐹𝑅)⊥acting 
on the vane (figure 4.39), first calculate the resultant force between drag and lift components 
(𝐹𝑅), then we can use this force to calculate drag force 𝐹𝐷 and lift force 𝐹𝐿 from equation (4.14), 
also calculating Drag coefficient 𝐶𝐷 from equation (4.12), and finally we can using equation 
(4.13) to calculate the Lift coefficient 𝐶𝐿. 
 
 
 
{
 
 
 
 
 
 
 
 
(𝐹𝑅)⊥ = 𝐹𝑅 𝑆𝑖𝑛 (𝛽 + 𝛼)
𝐹𝑅 =
(𝐹𝑅)⊥
𝑆𝑖𝑛 (𝛽+𝛼)
𝐹𝐷 = 𝐹𝑅 𝐶𝑜𝑠 𝛽
𝐹𝐿 = 𝐹𝑅 𝑆𝑖𝑛 𝛽
∆𝑃 = 𝑃1 − 𝑃2
(𝐹𝑅)⊥ = ∆𝑃. 𝐿. 𝐻
𝛽 = 𝐶𝑜𝑠−1 [
𝐹𝐷
𝐹𝑅
] = 74.7𝑜
𝛼 = 20𝑜 }
 
 
 
 
 
 
 
 
 (4.14) 
Figure 4.39    Perpendicular resultant force, drag and lift forces components acting on submerged Vane. 
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Figure 4.40 Dynamic pressures difference (cm-wc) between submerged vane sides – Experiment (I) results. 
 
 
Figure 4.41    Dynamic pressures difference (cm-wc) between submerged vane sides – Experiment (VI) results. 
 
Results of 6 experiments done to calculate experimental Drag, Lift forces and coefficients are 
presented in table 4.2. 
 
Note that when increase the vane height, drag and lift forces, also drag and lift coefficient 
increased consequently, as indicates in experiment II results.   
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Table 4.2Experimental Drag, Lift forces and coefficients results. 
 
Exp. 
No. 
 
Experiments data 
 
 
Experiments results 
 
Flow 
depth 
 
𝐝 (𝐦) 
Vane 
height 
 
𝐇 (𝐦) 
Vane 
length 
 
𝐋 (𝐦) 
 
Velocity 
 
𝒗 (𝐦/𝐬) 
Pressure 
difference 
between 
vane 
sides 
 
∆𝑷 (𝐍/𝒎𝟐) 
 
 
 
Perpend-
icular 
Force  
acting on 
vane 
 
(𝑭𝑹)⊥  (𝐍) 
 
 
 
Resultant 
Force 
acting on 
vane 
 
𝐅𝑹 (𝐍) 
 
 
 
Drag 
Force 
 
𝐅𝐃 (𝐍) 
 
 
Lift 
Force 
 
𝐅𝐋 (𝐍) 
 
Drag 
Coefficient 
 
𝐂𝐃 
 
Lift 
Coefficient 
 
𝐂𝐋 
I 0.1614 0.07 0.25 0.2867 16.9501 0.29961 0,30062 0,07932 0,28996 0,01102 0,13926 
II 0.1614 0.11 0.25 0.2867 33.5120 0.59235 0,59435 0,15683 0,57329 0,01387 0,19581 
III 0.1430 0.07 0.25 0.3236 25.9360 0.45844 0,45999 0,12137 0,44368 0,01324 0,15261 
IV 0.1614 0.07 0.25 0.2867 13.5999 0.24039 0,24120 0,06364 0,23265 0,00884 0,12473 
V 0.1830 0.07 0.25 0.2528 9.1873 0.16239 0,16294 0,04299 0,15716 0,00768 0,11624 
VI 0.2180 0.07 0.25 0.2122 16.7441 0.29597 0,29696 0,07836 0,28644 0,01987 0,18694 
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Chapter  5: Experimental Submerged Vanes Turbulence Results and Discussion 
 
5.1 Introduction 
 
Theoretical analysis and prediction of turbulence has been, and to this date still is, the fundamental 
problem of fluid dynamics, particularly of Computational Fluid Dynamics (CFD). The major 
difficulty arises from the random or chaotic nature of turbulence phenomena. Because of this 
unpredictability, it has been customary to work with the time averaged forms of the governing 
equations, which inevitably results in terms involving higher order correlations of fluctuating 
quantities of flow variables. The semi-empirical mathematical models introduced for calculation of 
these unknown correlations form the basis for turbulence modeling. It is the focus of the present 
study to investigate experimentally the main principles of turbulence in submerged vanes flow 
structures. Since turbulent flow calculations usually involve CFD, there are three key elements 
involved in CFD: 
 
(1) Grid generation. 
(2) Algorithm development. 
(3) Turbulence modeling. 
 
The origin of the time-averaged Navier-Stokes equations dates back to the late nineteenth century 
when Reynolds (1895) published results from his research on turbulence. The earliest attempts at 
developing a mathematical description of the turbulent stresses, which is the core of the closure 
problem, were performed by Boussinesq (1877) with the introduction of the eddy viscosity concept. 
Neither of these authors, however, attempted to solve the time-averaged Navier-Stokes equations in 
any kind of systematic manner. 
 
More information regarding the physics of viscous flow was still required, until Prandtl's discovery 
of the boundary layer in 1904. Prandtl (1925) later introduced the concept of the mixing-length 
model, which prescribed an algebraic relation for the turbulent stresses. This early development was 
the cornerstone for nearly all turbulence modeling efforts for the next twenty years. The mixing 
length model is now known as an algebraic or zero-equation model. To develop a more realistic 
mathematical model of the turbulent stresses, Prandtl (1945) introduced the first one-equation 
 110 
 
model by proposing that the eddy viscosity depends on the turbulent kinetic energy, 𝑘, solving a 
differential equation to approximate the exact equation for 𝑘. This one- equation model improved 
the turbulence predictions by taking into account the effects of flow history. 
 
The problem of specifying a turbulence length scale still remained. This information, which can be 
thought of as a characteristic scale of the turbulent eddies, changes for different flows, and thus is 
required for a more complete description of the turbulence. A more complete model would be one 
that can be applied to a given turbulent flow by prescribing boundary and/or initial conditions. 
Kolmogorov (1942) introduced the first complete turbulence model, by modeling the turbulent 
kinetic energy 𝑘, and introducing a second parameter ω that he referred to as the rate of dissipation 
of energy per unit volume and time. This two-equation model, termed the 𝑘 − 𝜔 model, used the 
reciprocal of ω as the turbulence time scale, while the quantity 𝑘
1
2⁄ /𝜔 served as a turbulence length 
scale, solving a differential equation for 𝜔 similar to the solution method for 𝑘. Because of the 
complexity of the mathematics, which required the solution of nonlinear differential equations, it 
went virtually without application for many years, before the availability of computers. 
 
Rotta (1951) has been used the Boussinesq approximation in turbulence models to solve for the 
Reynolds stresses. This approach is called a second-order or second-moment closure. Such models 
naturally incorporate non-local and history effects, such as streamline curvature and body forces. 
The previous eddy viscosity models failed to account for such effects. For a three- dimensional 
flow, these second-order closure models introduce seven equations, one for a turbulence length 
scale, and six for the Reynolds stresses. As with Kolmogorov's 𝑘 − 𝜔 model, the complex nature of 
this model awaited adequate computer resources. Thus, by the early 1950's, four main categories of 
turbulence models had developed:  
 
(1) Algebraic (Zero-Equation) Models.  
(2) One-Equation Models. 
(3) Two-Equation Models. 
(4) Second-Order Closure Models. 
 
The critical value Rcfound by Reynolds was of the order of 2000. ForRe < Rc, the flow remained 
regular (laminar), and forRe > Rcit became turbulent, high Reynolds number degenerate into 
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turbulence, It has already been stressed that turbulence is due to diffusion and stretching of 
vorticity. 
 
This chapter in fact an attempt to studying the statistical point of view and the basic concepts of 
physical fluid mechanics which determine the evolution of turbulence around the submerged vanes 
field.  
 
Results demonstrate in this chapter includes submerged vanesturbulencestatistics as; Probability 
distribution of the velocity field, Reynolds stresses, Turbulence intensity, turbulent Kinetic and 
Dissipation energy, and finally, Kolmogorov turbulence scales. Other results containenergy 
spectrum, turbulent velocities fields, fluctuating velocities and Reynolds stresses histograms. 
 
Notation 
 
A number of different notations are used for the mean velocity and the fluctuating part of the 
velocity in turbulent flows. In this chapter, instantaneous physical quantities are denoted by lower-
case letters e.g. 𝑢. The corresponding upper-case letter, 𝑈, denotes the corresponding averaged 
quantity. The difference between these two quantities is usually refered to as a fluctuation and will 
be denoted by the lower-case letter with a dash, 𝑢′ =  𝑢 −  𝑈, in order to distinguish it from the 
true physical quantity.  
 
𝑢: instantaneous velocity. 
𝑈: mean fow velocity. 
𝑢′: fluctuation velocity, and has a three components: 
 
- ux
′ = 𝑢: streamwise velocity fluctuation in x-direction. 
- uy
′ = 𝑣: transverse velocity fluctuation in y-direction. 
- uz
′ = 𝑤: vertical velocity fluctuation in z-direction. 
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5.2 Submerged Vanes TurbulenceStatistics 
 
5.2.1 Probability Distribution of the Velocity Field 
 
Measurements of the probability distributions of the velocity field 𝑢(𝑥, 𝑡) and its derivatives show 
how can provide hints as to the structure of freely evolving turbulence.  
 
The probability distribution of some random variable, 𝑋, is usually represented by a p.d.f 
(probability distribution function), which defined as follow. The probability that 𝑋 lies in the range 
𝑎 → 𝑏, which we right as 𝑃(𝑎 < 𝑋 < 𝑏), is related to the probability density function by: 
𝑃(𝑎 < 𝑋 < 𝑏) = ∫ 𝑓(𝑥) 𝑑𝑥
𝑏
𝑎
 
Thus𝑓(𝑥) 𝑑𝑥 represents the relative frequency that 𝑋 lies in the range 𝑥 → 𝑥 + 𝑑𝑥. Evidently 𝑓 has 
the property: ∫  𝑓(𝑥) 𝑑𝑥 =
∞
−∞
1   
 
The mean of a distribution (expectation of 𝑋) is given by: 
𝜇 = ∫ 𝑥 𝑓(𝑥) 𝑑𝑥
∞
−∞
= 〈𝑋〉                                                    (5.1) 
While the variance, 𝜎2, is defined as: 
𝜎2 = ∫ (𝑥 − 𝜇)2
∞
−∞
 𝑓(𝑥) 𝑑𝑥                                                    (5.2) 
We are primarily concerned with distributions with zero mean, in which case: 
𝜎2 = ∫ 𝑥2
∞
−∞
𝑓(𝑥) 𝑑𝑥 =  〈𝑋2〉,         〈𝑋〉 = 0                                      (5.3) 
𝜎 : Standard deviation of the distribution and has three components: 
 
Standard deviation in x-direction:  
𝜎𝑥 =
〈𝑢𝑥
′2〉
〈𝑢𝑥
′ 〉
                                                                 (5.4) 
Standard deviation in y-direction:   
𝜎𝑦 =
〈𝑢𝑦
′2〉
〈𝑢𝑦
′ 〉
                                                                  (5.5) 
Standard deviation in z-direction:   
𝜎𝑧 =
〈𝑢𝑧
′2〉
〈𝑢𝑧
′ 〉
                                                                  (5.6) 
 
The Skewness factor 𝑆for a distribution of zero mean is defined in terms of the third moment of 𝑓:  
𝑆 = ∫
𝑥3 𝑓(𝑥) 𝑑𝑥
𝜎3
∞
−∞
= 
〈𝑋3〉
〈𝑋2〉3/2
                                                   (5.7) 
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𝑆 : The Skewness factor and has three components: 
 
Skewness factor in x-direction:   
𝑆𝑥 =
〈𝑢𝑥
′3〉
〈𝑢𝑥
′2〉
3
2⁄
                                                              (5.8) 
Skewness factor in y-direction:   
𝑆𝑦 =
〈𝑢𝑦
′3〉
〈𝑢𝑦
′2〉
3
2⁄
                                                               (5.9) 
Skewness factor in z-direction:   
𝑆𝑧 =
〈𝑢𝑧
′3〉
〈𝑢𝑧
′2〉
3
2⁄
                                                             (5.10) 
 
While the flatness factor (or kurtosis) is a normalized version of the fourth moment: 
 
𝛿 = ∫
𝑥4 𝑓(𝑥) 𝑑𝑥
𝜎4
∞
−∞
= 
〈𝑋4〉
〈𝑋2〉2
                                                  (5.11) 
𝛿 : The Kurtosis factor and has three components: 
 
Kurtosis factor in x-direction:   
𝛿𝑥 =
〈𝑢𝑥
′4〉
〈𝑢𝑥
′2〉2
                                                            (5.12) 
Kurtosis factor in y-direction:   
𝛿𝑦 =
〈𝑢𝑦
′4〉
〈𝑢𝑦
′2〉2
                                                            (5.13) 
Kurtosis factor in z-direction:   
𝛿𝑧 =
〈𝑢𝑧
′4〉
〈𝑢𝑧
′2〉2
                                                            (5.14) 
 
Streamwise standard deviation 𝜎𝑥 of the velocity field results,plotted from equation 5.4, and shows 
in figures 5.1, 5.2 and 5.3, figure 5.1 illustrates changes of the standard deviation of the velocities 
along the x-y distributions at 8-cm height from bed channel, the maximum values about 7 cm/s 
appear on the right side of the vane downstream and the area affected by vane until to 10 times the 
vane height (70-cm from the vane centerline), then decreased to reach about 3 cm/s at a distance of 
20 times of vane height. 
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Figure 5.1    Streamwise standard deviation of the velocity component (𝝈𝒙), x-y distributions – at 8-cm height from bed 
channel, with 
𝑻
𝒅𝒐
= 𝟎. 𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎. 𝟐𝟖, 𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎. 𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎, 𝟒𝟑𝟑𝟕 − Experimental results. 
 
Figure 5.2 illustrates the comparison of the streamwise standard deviation of the velocities 
(𝜎𝑥)along the y-z distributions between upstream and downstream of the vane, there are no changes 
in standard deviation upstream of the vane (left), and there are significantlychanges downstream of 
the vane just about 2 times of the vane height (2H), due to the secondary circulation induced by 
vane and changed in the velocities and bed shear stresses (right).  
  
Figure 5.2    Streamwise standard deviation of the velocity component (𝝈𝒙), y-z distributions – upstream and downstream 
from vane in x-axis, with 
𝑻
𝒅𝒐
= 𝟎. 𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎.𝟐𝟖, 𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎. 𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎, 𝟒𝟑𝟑𝟕 − Experimental results. 
 
Streamwise standard deviation profiles of the velocities result, along the water depth (
𝑧
𝑑
) and 
different sections on x-axis, upstream and downstream of the vane plotted in figure 5.3, when 𝑑 is 
the water depth = 16.14-cm and 𝑧 is the vertical axis. 
 
Figure 5.3 indicates streamwise standard deviation (𝜎𝑥)tow profiles on y-axis, each one contains 10 
sections on x-axis, two of them upstream (x/H = -3.57 and x/H = -2.14) and 8 sections (x/H = 
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2.14, x/H = 2.86, x/H = 3.57, x/H = 4.29, x/H = 5, x/H = 5.71, x/H = 6.43 and x/H = 7.14) 
upstream of vane on x-axis, when H is the vane height (7-cm). 
 
First profile located on the pressure-side of the vane (left side) and at20 cm (y/L = 0.8, when L is 
the length of the vane = 25-cm) from the center of vane, we can observe that the values of the 
standard deviation upstream of vane values get between 4 and 5 cm/s but downstream of vane the 
values take a different values from 3 to 7 cm/s, near a bed channel there are no changes in values 
but on 3, 4 and 5-cm height from the bed on z-axis indicate high values. 
 
Second profile located on the centerline of the vane (y = 0 and y/L = 0), values indicates changes in 
standard deviation, all values rises when comparison with the other profile due to the changes in the 
velocities profiles in the area affected by vane.  
 
Figure 5.3    Streamwise standard deviation of the velocity component profile (𝝈𝒙), x-z distributions – along the depth 
𝒛
𝒅
  - 
different cross sections, with 
𝑻
𝒅𝒐
= 𝟎.𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎. 𝟐𝟖, 𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎. 𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎, 𝟒𝟑𝟑𝟕 − Experimental results. 
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The skewness is related to the asymmetry in the distribution of turbulent velocities. In case of a 
Gaussian and any other symmetrical distributions,Sxassumes zero value.Sx is positive when large 
positive values of instantaneous point velocities 𝑢′ are more frequent than large negative values. 
 
The vertical distributions (profiles) of skewness for streamwise components of velocity in the 
channel (y/L = - 0.8 and y/L = 0) results plotted from equation 5.8 and are shown in figure 5.4, at 
different sections upstream and downstream of vane.  
Upstream of vane; the values of skewness factor are close to zero along the vertical axis z/d, and 
downstream of vane; the skewness factor near bed-channel are negative values, and close to zero 
between z/d = 0.35 to z/d = 0.5, figure 5.4 (right). 
At z/d= 0.20 its values reaches the lowest negative value equal to − 1. Further, together with the 
increase of z/d until the height z/d= 0.35, the skewness increases to zero and then till z/d= 0.40 the 
skewness remains almost constant, figure 5.4 (left). 
 
Figure 5.4    Streamwise skewness factor of the velocity component profile (𝑺𝒙), x-z distributions – along the depth 
𝒛
𝒅
  - 
different cross sections, with 
𝑻
𝒅𝒐
= 𝟎.𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎. 𝟐𝟖, 𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎. 𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎, 𝟒𝟑𝟑𝟕 − Experimental results. 
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For reference, the flatness factor or kurtosis𝛿𝑥  =  0 if Gaussian distribution is used. Larger values 
of 𝛿𝑥 imply that probability of velocity has a narrower peak and broader tails than the Gaussian 
distribution with the same standard deviation. It means that both very small and very large values of 
the random variable are more probable than in the case of a normal distribution. 
 
The vertical distributions (profiles) of kurtosis of streamwiseturbulent velocities in the channel (y/L 
= - 0.8 right side of vane, and y/L = 0 centerline of vane) results plotted from equation 5.12 and are 
shown in figure 5.5, at different sections upstream and downstream of vane.  
 
Upstream of vane; the values of kurtosis factor are close to + 3 along the vertical axis z/d, and 
downstream of vane; the kurtosis factor near bed-channel are also close to + 3, but between z/d = 
0.35 to z/d = 0.5, the values increased to reach its maximum value about + 4, figure 5.5 (right). 
The kurtosis factor increases from the positive values near the bed (z/d< 0.15) to its maximum 
values equal to + 6 at the height z/d= 0.25, and it again decreases to equal + 3 at the height of about 
z/d= 0.35 for profiles at y/L = - 0.8, figure 5.5 (left). 
 
Figure 5.5    Streamwise flatness factor (kurtosis) of the velocity component profile (𝜹𝒙), x-z distributions – along the depth 
𝒛
𝒅
  
- different cross sections, with 
𝑻
𝒅𝒐
= 𝟎. 𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎. 𝟐𝟖, 𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎. 𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎, 𝟒𝟑𝟑𝟕 − Experimental results. 
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5.2.2 Reynolds Normal and ShearStresses 
 
The instantaneous velocity, uj(x⃗ , t), and the instantaneous pressure, p(x⃗ , t), are decomposed into 
mean parts, Uj(x⃗ , t) and P(x⃗ , t), and fluctuating parts, uj
′(x⃗ , t) and pj
′(x⃗ , t), according to: 
 
𝑢𝑗 = 𝑈𝑗 + 𝑢𝑗
′       ↔       𝑈𝑗 = 〈𝑢𝑗〉    𝑎𝑛𝑑    𝑢𝑗
′ = 𝑢𝑗 − 𝑈𝑗       →      〈𝑢𝑗
′〉 = 0           (5.15) 
And: 
𝑝 = 𝑃 + 𝑝′       ↔       𝑃 = 〈𝑝〉    𝑎𝑛𝑑    𝑝′ = 𝑝 − 𝑃      →      〈𝑝′〉 = 0              (5.16) 
 
The mean of the instantaneous continuity condition: 
〈
𝜕
𝜕𝑥𝑗
(𝑈𝑗 + 𝑢𝑗
′〉 = 0                                                        (5.17) 
Yields the continuity condition for the mean flow: 
𝜕𝑈𝑖
𝜕𝑥𝑖
= 0                                                                (5.18) 
Which in turn, together with the Reynolds decomposition of the instantaneous continuity condition, 
yields: 
𝜕𝑢𝑖
′
𝜕𝑥𝑖
= 0                                                                (5.19) 
That is the continuity condition for the fluctuating part of the velocity. Since the continuity 
condition is a linear equation averaging leads to a simple decomposition. 
An equation of motion for the mean velocity is obtained by averaging the Navier-Stokes equation. 
The main step in this derivation is: 
〈𝑢𝑗
𝜕
𝜕𝑥𝑗
𝑢𝑖〉 =
𝜕
𝜕𝑥𝑗
〈𝑢𝑖𝑢𝑗〉 =
𝜕
𝜕𝑥𝑗
{𝑈𝑖𝑈𝑗 + 〈𝑢𝑖
′𝑢𝑗
′〉} = 𝑈𝑗
𝜕
𝜕𝑥𝑗
𝑈𝑖 +
𝜕
𝜕𝑥𝑗
〈𝑢𝑖
′𝑢𝑗
′〉              (5.20) 
The average of the Navier-Stokes equation can be written in the form: 
𝜕𝑈𝑖
𝜕𝑡
+ 𝑈𝑗
𝜕𝑈𝑖
𝜕𝑥𝑗
= −
1
𝜌
𝜕𝑃
𝜕𝑥𝑖
−
𝜕
𝜕𝑥𝑖
〈𝑢𝑖
′𝑢𝑗
′〉 + 𝜈
𝜕2𝑈𝑖
𝜕𝑥𝑖 𝜕𝑥𝑗
                                   (5.21) 
Which is known as Reynolds equation, this equation can be rewritten in the form of a general 
equation of motion for a fluid: 
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𝜕
𝜕𝑡
(𝜌𝑈𝑖) +
𝜕
𝜕𝑥𝑗
(𝜌𝑈𝑖𝑈𝑗) =
𝜕
𝜕𝑥𝑗
{−𝜌𝛿𝑖𝑗 − 𝜌 〈𝑢𝑖
′𝑢𝑗
′〉 + 𝜇 (
𝜕𝑈𝑖
𝜕𝑥𝑗
+
𝜕𝑈𝑗
𝜕𝑥𝑖
)}               (5.22) 
The fluidflows with the mean velocity, ?⃗? , and is acted on by an additional turbulent stress, 
−𝜌〈𝑢𝑖
′𝑢𝑗
′〉, and the Reynolds stress. 
Because of the way in which the term−
𝜕
𝜕𝑥𝑗
〈𝑢𝑖
′𝑢𝑗
′〉 appears in Reynolds’ governing dynamical 
equation for the mean velocity, 𝑈𝑖the tensor −𝜌〈𝑢𝑖
′𝑢𝑗
′〉can be said to be internal stress acting on the 
mean turbulent flow. Note that 〈𝑢𝑖
′𝑢𝑗
′〉is often referred to as the Reynolds stress though strictly 
speaking the stress tensor is −𝜌〈𝑢𝑖
′𝑢𝑗
′〉. 
From the point of view of statistical analysis 〈𝑢𝑖
′𝑢𝑗
′〉 is a covariance, i.e. a second-order correlation 
or central moment. 
From the point of view of tensor analysis, the stress tensor −𝜌〈𝑢𝑖
′𝑢𝑗
′〉is a symmetric, second-order 
tensor: 
(
−𝜌〈𝑢1
′𝑢1
′ 〉 −𝜌〈𝑢1
′𝑢2
′ 〉 −𝜌〈𝑢1
′𝑢3
′ 〉
−𝜌〈𝑢2
′𝑢1
′ 〉 −𝜌〈𝑢2
′𝑢2
′ 〉 −𝜌〈𝑢2
′𝑢3
′ 〉
−𝜌〈𝑢3
′𝑢1
′ 〉 −𝜌〈𝑢3
′𝑢2
′ 〉 −𝜌〈𝑢3
′𝑢3
′ 〉
) = (
−𝜌〈𝑢𝑥
′ 2〉 −𝜌〈𝑢𝑥
′ 𝑢𝑦
′ 〉 −𝜌〈𝑢𝑥
′ 𝑢𝑧
′ 〉
−𝜌〈𝑢𝑥
′ 𝑢𝑦
′ 〉 −𝜌〈𝑢𝑦
′ 2〉 −𝜌〈𝑢𝑦
′ 𝑢𝑧
′ 〉
−𝜌〈𝑢𝑥
′ 𝑢𝑧
′ 〉 −𝜌〈𝑢𝑦
′ 𝑢𝑧
′ 〉 −𝜌〈𝑢𝑧
′ 2〉
)     (5.23) 
This is significant since all stress tensors must be symmetric to avoid local singularities in the 
rotational motion of the continuum. In common with all stress tensors the Reynolds stress has six 
independent components; three shear stresses, −𝜌〈𝑢𝑥
′ 𝑢𝑦
′ 〉, −𝜌〈𝑢𝑦
′ 𝑢𝑧
′ 〉, −𝜌〈𝑢𝑥
′ 𝑢𝑧
′ 〉, and three normal 
stresses, −𝜌〈𝑢𝑥
′ 2〉, −𝜌〈𝑢𝑦
′ 2〉, −𝜌〈𝑢𝑧
′ 2〉. 
From a physical point of view, the shear component can be rewritten in the form: 
−𝜌〈𝑢′𝑣′〉 = −〈(𝜌?⃗? )𝑥
′ 𝑣′〉                                                  (5.24) 
Where 〈(ρu⃗ )x
′ 𝑣′〉is a component of the transport of fluctuating momentum, (ρ u⃗ )′, by the 
fluctuating velocity, u⃗ ′. More fundamentally, the Reynolds stress can be related to the transport of 
the full instantaneous momentum by the fluctuating velocity:  
−𝜌〈𝑢′𝑣′〉 = −𝜌〈(𝑢 − 𝑈)𝑣′〉 = −〈𝜌𝑢 𝑣′〉 + 𝜌𝑈〈𝑣′〉 = −〈(𝜌?⃗? )𝑥𝑣
′〉 + 0           (5.25) 
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Apart from the minus sign, the shear stress −𝜌〈𝑢′𝑣′〉 can now be interpreted as the mean transport 
of instantaneous momentum, 𝜌𝑢𝑥 = (𝜌?⃗? )𝑥 by the fluctuating velocity, 𝑣
′this relationship: 
Stress = (−1) × flux of momentum 
That is fundamental to the concept of stress; for example, viscous stress has its origin in the 
transport of momentum by molecular collisions. The fact that 𝜌〈𝑢𝑖
′𝑢𝑗
′〉 can be seen to be transport of 
momentum supports the interpretation of−𝜌〈𝑢𝑖
′𝑢𝑗
′〉as a stress and has led to the construction of 
mixing-length and eddy-viscosity models for the Reynolds stress. 
Turbulent Reynolds shear stresses 𝜏𝑥𝑦, 𝜏𝑥𝑧, and 𝜏𝑦𝑧results show in figuresfrom 5.6 to 5.14, figure 
5.6 shows 𝜏𝑥𝑦 in x-y direction at 8-cm hiegth from the bed channel, high positive Reynolds shear 
stress values appear in the right side (suction-side) and downstream of vane, on the other hand, the 
negative values of 𝜏𝑥𝑦 appear in the left side (pressure-side) and downstream of vane just at the end 
of the vane, these changes between positive and negative values indicates the magnitude of the 
vortex and the second circulation generated by vane.   
 
Figure 5.6Reynolds shear stress(𝝉𝒙𝒚), x-y distributions – at 8-cm height from bed channel, with 
𝑻
𝒅𝒐
= 𝟎.𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎. 𝟐𝟖, 𝜶 =
𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎. 𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎, 𝟒𝟑𝟑𝟕 − Experimental results. 
 
Figure 5.7 show the comparison of the Reynolds shear stress 𝜏𝑥𝑦along the y-z distributions between 
upstream and downstream of the vane, there are no shear stress at upstream of the vane (left), and 
there are significantlychanges downstream of the vane just about 3 times of the vane height (3H) 
and at the centerline of vane on y-axis, due to the secondary circulation induced by vane (right).  
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Figure 5.7Reynolds shear stress (𝝉𝒙𝒚),  y-z distributions – upstream and downstream from vane in x-axis, with 
𝑻
𝒅𝒐
= 𝟎. 𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎. 𝟐𝟖, 𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎.𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎,𝟒𝟑𝟑𝟕 − Experimental results. 
 
The vertical distributions (profiles) of turbulent shear stress 𝜏𝑥𝑦 in the channel (y/L = 0.8 left side 
of vane, and y/L = 0 centerline of vane) results plotted from equation 5.23, normalized with the 
normal shear stress 𝜏𝑜 = 𝛾 𝑅ℎ𝑆𝑓and are shown in figure 5.8, at different sections upstream and 
downstream of vane.  
 
At the centerline of the vane y/L = 0: upstream of vane; the values are close to zero along the 
vertical axis z/d, and downstream of vane; are also close to zero, but high positive values presents at 
the sections located downstream of the vane at heights z/d = 0.05 and z/d = 0.20, the values 
increased to reach its maximum value about 30 𝜏𝑜, figure 5.8 (right). 
At section y/L = 0.8:  the values are close to zero along the vertical axis z/d, except at height z/d = 
0.25 the values takes its maximum equal 15 𝜏𝑜, figure 5.5 (left).  
 
Figure 5.9 shows 𝜏𝑥𝑧 in x-y direction at 6-cm hiegth from the bed channel, high negative Reynolds 
shear stress values appear in the right side (suction-side) and downstream of vane, on the other 
hand, the low positive values of 𝜏𝑥𝑧 appear in the left side (pressure-side) and downstream of 
vane,start just at the end of the vane, these changes between positive and negative values indicates 
the magnitude of the vortex and the second circulation generated by vane.    
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Figure 5.8Reynolds shear stress profile(𝝉𝒙𝒚), x-z distributions – along the depth 
𝒛
𝒅
  - different cross sections, with 
𝑻
𝒅𝒐
=
𝟎. 𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎. 𝟐𝟖, 𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎.𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎,𝟒𝟑𝟑𝟕 − Experimental results. 
 
 
Figure 5.9Reynolds shear stress (𝝉𝒙𝒛),  x-y distributions – at 6-cm height from bed channel, with 
𝑻
𝒅𝒐
= 𝟎.𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎. 𝟐𝟖,
𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎. 𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎, 𝟒𝟑𝟑𝟕 − Experimental results. 
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Figure 5.10 show the comparison of the Reynolds shear stress 𝜏𝑥𝑧along the y-z distributions 
between upstream and downstream of the vane, there are no shear stress at upstream of the vane 
(left), and there are significantlychanges downstream of the vane just about 3 times of the vane 
height (3H) and at the centerline of vane on y-axis, due to the secondary circulation induced by 
vane, figure 5.10 (right).  
 
  
Figure 5.10Reynolds shear stress (𝝉𝒙𝒛),  y-z distributions – upstream and downstream from vane in x-axis, with 
𝑻
𝒅𝒐
= 𝟎. 𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎. 𝟐𝟖, 𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎.𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎,𝟒𝟑𝟑𝟕 − Experimental results. 
 
The vertical distributions (profiles) of turbulent shear stress 𝜏𝑥𝑧 in the channel (y/L = 0.8 left side of 
vane, and y/L = 0 centerline of vane) results plotted from equation 5.23, normalized with the 
normal shear stress 𝜏𝑜 = 𝛾 𝑅ℎ𝑆𝑓 and are shown in figure 5.11, at different sections upstream and 
downstream of vane. 
 
The straight blue line in figure 5.11 represents the theoretical Reynolds shear stress 𝜏𝑥𝑧 plotted to 
compare with the experimental results. 
 
At the centerline of the vane y/L = 0: upstream of vane; the values are small negative values along 
the vertical axis z/d, and downstream of vane; are takes high positive values its maximum values 20 
𝜏𝑜in sections located downstream of the vane at heights between z/d = 0.20 to z/d = 0.35, and 
negative values, its maximum value are 30 𝜏𝑜in sections located downstream of the vane at heights 
z/d = 0.5, figure 5.11 (right).     
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At section y/L =0.8:  the values are close to zero along the vertical axis z/d, except atheights 
between z/d = 0.2 and z/d = 0.35 its takes negative values and its maximum equal 30 𝜏𝑜, figure 5.11 
(left).  
 
Figure 5.11Reynolds shear stress profile(𝝉𝒙𝒛), x-z distributions – along the depth 
𝒛
𝒅
  - different cross sections, with 
𝑻
𝒅𝒐
=
𝟎. 𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎. 𝟐𝟖, 𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎.𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎,𝟒𝟑𝟑𝟕 − Experimental results. 
 
 
Figure 5.12 shows 𝜏𝑦𝑧 in x-y direction at 8-cm height from the bed channel, both negatives and 
positive Reynolds shear stress values appear in the right side (suction-side) downstream of vane, 
and takes values between -10 (cm/s)2= (25 𝜏𝑜) to + 15(cm/s)
2 = (35 𝜏𝑜). 
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Figure 5.12Reynolds shear stress(𝝉𝒚𝒛),  x-y distributions – at 7-cm height from bed channel, with 
𝑻
𝒅𝒐
= 𝟎.𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎. 𝟐𝟖,
𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎. 𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎, 𝟒𝟑𝟑𝟕 − Experimental results. 
 
Figure 5.13 show the comparison of the Reynolds shear stress 𝜏𝑦𝑧along the y-z distributions 
between upstream and downstream of the vane, there are no shear stress at upstream of the vane 
(left), and there are significantlychanges downstream of the vane, its values appear just in positives 
at section about 2 times of the vane height (2H) and at the centerline of vane on y-axis, figure 5.13 
(right).  
 
  
Figure 5.13Reynolds shear stress (𝝉𝒚𝒛),  y-z distributions – upstream and downstream from vane in x-axis, with 
𝑻
𝒅𝒐
= 𝟎. 𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎. 𝟐𝟖, 𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎.𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎,𝟒𝟑𝟑𝟕 − Experimental results. 
 
The vertical distributions (profiles) of turbulent shear stress 𝜏𝑦𝑧 in the channel (y/L =- 0.8 right side 
of vane, and y/L = 0 centerline of vane) results plotted from equation 5.23, normalized with the 
normal shear stress 𝜏𝑜 = 𝛾 𝑅ℎ𝑆𝑓and are shown in figure 5.14, at different sections upstream and 
downstream of vane.   
 126 
 
At the centerline of the vane y/L = 0: upstream of vane; the values are close to zero along the 
vertical axis z/d, and downstream of vane; are takes high negative values its maximum values 40 
𝜏𝑜in sections located downstream of the vane at heights z/d = 0.25 and z/d = 0.3, and 
positivevalues, its maximum value are 20 𝜏𝑜in sections located downstream of the vane at heights 
z/d = 0.35, figure 5.14 (right).     
At section y/L =- 0.8:  the values are close to zero along the vertical axis z/d, except at heights 
between z/d = 0.35 and z/d = 0.5 its takes low positive values and its maximum equal 10 𝜏𝑜, figure 
5.14 (left).  
 
Figure 5.14Reynolds shear stress profile(𝝉𝒚𝒛), x-z distributions – along the depth 
𝒛
𝒅
  - different cross sections, with 
𝑻
𝒅𝒐
=
𝟎. 𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎. 𝟐𝟖, 𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎.𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎,𝟒𝟑𝟑𝟕 − Experimental results. 
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Turbulent Reynolds normal stresses 𝜏𝑥𝑥, 𝜏𝑦𝑦, and 𝜏𝑧𝑧results shows in figures from 5.15 to 5.23, 
figures 5.15, 5.18 and 5.21 shows 𝜏𝑥𝑥, 𝜏𝑦𝑦 and 𝜏𝑧𝑧 in x-y direction at 8-cm, 7-cm and 8-cmheight 
from the bed channel respectively, only high positive Reynolds normal stress values appear in the 
right side (suction-side) and downstream of vane, its maximum values takes + 40 (cm/s)2. 
 
Figure 5.15Reynolds normal stress(𝝉𝒙𝒙),  x-y distributions – at 8-cm height from bed channel, with 
𝑻
𝒅𝒐
= 𝟎. 𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎. 𝟐𝟖,
𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎. 𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎, 𝟒𝟑𝟑𝟕 − Experimental results. 
 
Figures 5.16, 5.19 and 5.22 show the comparison of the Reynolds normal stresses𝜏𝑥𝑥, 𝜏𝑦𝑦 and 𝜏𝑧𝑧 
along the y-z distributions between upstream and downstream of the vane respectively, there are no 
shear stresses at upstream of the vane (left), and there are significantlychanges downstream of the 
vane, its values appear just in positives at section start about 2 times of the vane height (2H) and at 
the centerline of vane on y-axis, (right).  
 
  
Figure 5.16Reynolds normal stress (𝝉𝒙𝒙),  y-z distributions – upstream and downstream from vane in x-axis, with 
𝑻
𝒅𝒐
=
𝟎. 𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎. 𝟐𝟖, 𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎.𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎,𝟒𝟑𝟑𝟕 − Experimental results. 
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The vertical distributions (profiles) of turbulent normal stresses𝜏𝑥𝑥, 𝜏𝑦𝑦 and 𝜏𝑧𝑧 in the channel (y/L 
= 0.8 right side of vane, and y/L = 0 centerline of vane) results plotted from equation 5.23, 
normalized with the normal shear stress 𝜏𝑜 = 𝛾 𝑅ℎ𝑆𝑓 and are shown in figures 5.17, 5.20 and 
5.23respectively at different sections upstream and downstream of vane.   
 
At the centerline of the vane y/L = 0: upstream of vane; the values are close to 50 𝜏𝑜along the 
vertical axis z/d, and downstream of vane; are takes high positive values its maximum values 200 
𝜏𝑜 at sections located downstream of the vane at heights z/d = 0.3 and z/d = 0.4, figures5.17, 5.20 
and 5.23 (right).     
At section y/L = 0.8:  the values are takes high positive values and its maximum equal 100 𝜏𝑜, 
figure 5.17, 5.20 and 5.23 (left). 
 
Figure 5.17Reynolds normal stress profile(𝝉𝒙𝒙), x-z distributions – along the depth 
𝒛
𝒅
  - different cross sections, with 
𝑻
𝒅𝒐
=
𝟎. 𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎. 𝟐𝟖, 𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎.𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎,𝟒𝟑𝟑𝟕 − Experimental results. 
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Figure 5.18Reynolds normal stress(𝝉𝒚𝒚),  x-y distributions – at 8-cm height from bed channel, with 
𝑻
𝒅𝒐
= 𝟎. 𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎. 𝟐𝟖,
𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎. 𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎, 𝟒𝟑𝟑𝟕 − Experimental results. 
 
  
Figure 5.19Reynolds normal stress (𝝉𝒚𝒚),  y-z distributions – upstream and downstream from vane in x-axis, with 
𝑻
𝒅𝒐
=
𝟎. 𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎. 𝟐𝟖, 𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎.𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎,𝟒𝟑𝟑𝟕 − Experimental results. 
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Figure 5.20Reynolds normal stress profile(𝝉𝒚𝒚), x-z distributions – along the depth 
𝒛
𝒅
  - different cross sections, with 
𝑻
𝒅𝒐
=
𝟎. 𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎. 𝟐𝟖, 𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎.𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎,𝟒𝟑𝟑𝟕 − Experimental results. 
 
 
Figure 5.21Reynolds normal stress (𝝉𝒛𝒛),  x-y distributions – at 8-cm height from bed channel, with 
𝑻
𝒅𝒐
= 𝟎. 𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎.𝟐𝟖,
𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎. 𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎, 𝟒𝟑𝟑𝟕 − Experimental results. 
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Figure 5.22Reynolds normal stress (𝝉𝒛𝒛),  y-z distributions – upstream and downstream from vane in x-axis, with 
𝑻
𝒅𝒐
=
𝟎. 𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎. 𝟐𝟖, 𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎.𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎,𝟒𝟑𝟑𝟕 − Experimental results. 
 
Figure 5.23Reynolds normal stress profile(𝝉𝒛𝒛), x-z distributions – along the depth 
𝒛
𝒅
  - different cross sections, with 
𝑻
𝒅𝒐
=
𝟎. 𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎. 𝟐𝟖, 𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎.𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎,𝟒𝟑𝟑𝟕 − Experimental results. 
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5.2.3 Turbulent Kinetic Energy and Rate of Dissipation 
 
An equation for the fluctuating kinetic energy for constant density flow can be obtained directly 
from the Reynolds stress equation derived in section 5.2.2, the average fluctuating turbulent kinetic 
energy per unit mass: 
 
𝑘 =
1
2
(𝑢′ 𝑢′ + 𝑣′𝑣′ + 𝑤′ 𝑤′) =
1
2
(𝑢𝑥
′ 2 + 𝑢𝑦
′ 2 + 𝑢𝑧
′ 2)                            (5.26) 
Where: 
𝑢𝑥
′ : the streamwise velocity fluctuation in x-direction. 
𝑢𝑦
′ : the transverse velocity fluctuation in y-direction. 
𝑢𝑧
′ : the vertical velocity fluctuation in z-direction. 
 
It is very hard to measure the turbulent dissipation energy in flows because of the limited amount of 
data. How should the turbulent energy dissipation be approximated if velocity information is only 
available in certain points, Taylor, 1935 investigated the simplifications arising in the general 
dissipation equation by assuming isotropic turbulence. 
𝜈 
𝜕𝑢𝑖
𝑥𝑗
(
𝜕𝑢𝑖
𝜕𝑥𝑗
+
𝜕𝑢𝑗
𝜕𝑥𝑖
) = 𝜈 (2 (
𝜕𝑢
𝜕𝑥
)
2
+ 2(
𝜕𝑣
𝜕𝑦
)
2
+ 2(
𝜕𝑤
𝜕𝑧
)
2
+ (
𝜕𝑣
𝜕𝑥
+
𝜕𝑢
𝜕𝑦
)
2
+ (
𝜕𝑤
𝜕𝑦
+
𝜕𝑣
𝜕𝑧
)
2
+ (
𝜕𝑢
𝜕𝑧
+
𝜕𝑤
𝜕𝑥
)
2
) 
(5.27) 
Remembering that isotropic turbulence implies that the average value of any function of the 
velocity is unchanged no matter how the axes are rotated, we get: 
(
𝜕𝑢
𝜕𝑥
)
2
= (
𝜕𝑣
𝜕𝑦
)
2
= (
𝜕𝑤
𝜕𝑧
)
2
                                                       (5.28) 
(
𝜕𝑢
𝜕𝑦
)
2
= (
𝜕𝑢
𝜕𝑧
)
2
= (
𝜕𝑣
𝜕𝑥
)
2
+⋯                                                  (5.29) 
𝜕𝑣 𝜕𝑢
𝜕𝑥 𝜕𝑦
=
𝜕𝑤 𝜕𝑣
𝜕𝑦 𝜕𝑧
=
𝜕𝑢 𝜕𝑤
𝜕𝑧 𝜕𝑥
                                                           (5.30) 
Adding these terms together results in: 
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𝜀 = 6𝜈 ((
𝜕𝑢
𝜕𝑥
)
2
+ (
𝜕𝑢
𝜕𝑦
)
2
+
𝜕𝑣 𝜕𝑢
𝜕𝑥 𝜕𝑦
)                                           (5.31) 
Taylor then used the continuity equation to show that: 
(
𝜕𝑢
𝜕𝑥
)
2
= −2 
𝜕𝑣 𝜕𝑢
𝜕𝑥 𝜕𝑦
                                                    (5.32) 
Then through a long process of using linear algebra Taylor proves that the possible terms in 
equation 5.31 are linearly related to each other and that: 
2 (
𝜕𝑢
𝜕𝑥
)
2
= (
𝜕𝑢
𝜕𝑦
)
2
                                                      (5.33) 
Finally inserting these relations into equation 5.31 gives the rate of dissipation energy equation for 
isotropic turbulence: 
𝜀 = 15𝜈 (
𝜕𝑢
𝜕𝑥
)
2
                                                      (5.34) 
Turbulent kinetic energy 𝑘 results shows in figures 5.24, 5.25 and 5.26. Figure 5.24 shows 𝑘 in x-y 
direction at 7-cm hiegth from the bed channel, high turbulent kinetic energy values appear in the 
right side (suction-side) and downstream of vane, and takes its maximum value about 50 (cm/s)2= 
120 𝜏𝑜from – 10 cm to 80 cm on x-axis, and then decreases taking its minimum values 20 (cm/
s)2= 50 𝜏𝑜at 140-cm downstream of vane on x-axis (20H), when H is the vane height. 
Comparison between two cross-sections in y-z distributions, one at – 25 cm upstream of vane and 
other located at + 15-cm downstream of vane is shows in figure 5.25, indicates high turbulent 
kinetic energy along the water depth, that energy increase near water surface and decrease near bed 
channel.   
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Figure 5.24Turbulent kinetic energy(𝒌), x-y distributions – at 7-cm height from bed channel, with 
𝑻
𝒅𝒐
= 𝟎.𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎. 𝟐𝟖,
𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎. 𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎, 𝟒𝟑𝟑𝟕 − Experimental results. 
 
  
Figure 5.25Turbulent kinetic energy(𝒌), y-z distributions – upstream and downstream from vane in x-axis, with 
𝑻
𝒅𝒐
=
𝟎. 𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎. 𝟐𝟖, 𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎.𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎,𝟒𝟑𝟑𝟕 − Experimental results. 
 
 
The vertical distributions (profiles) of turbulent kinetic energy 𝑘 in the channel (y/L = 0.8 left side 
of vane, and y/L = 0 centerline of vane) results plotted from equation 5.26, normalized with the 
normal shear stress 𝜏𝑜 = 𝛾 𝑅ℎ𝑆𝑓 and are shown in figure 5.26, at different sections upstream and 
downstream of vane.  
 
At the centerline of the vane y/L = 0: upstream of vane; the values are close to zero along the 
vertical axis z/d, and downstream of vane; are close to 20 (cm/s)2 = 50 𝜏𝑜, but high values 
presents at the sections located downstream of the vane at heights from z/d = 0.2 and z/d = 0.40, the 
values increased to reach its maximum value about 90 (cm/s)2 = 220 𝜏𝑜, figure 5.26 (right).  
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At section y/L = 0.8:  the values are close to 20 (cm/s)2= 50 𝜏𝑜along the vertical axis z/d, except at 
z/d = 0.25 the values takes its maximum equal 50(cm/s)2 = 120 𝜏𝑜, figure 5.26 (left).  
 
Figure 5.26Turbulent kinetic energy profile(𝒌), x-z distributions – along the depth 
𝒛
𝒅
  - different cross sections, with 
𝑻
𝒅𝒐
=
𝟎. 𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎. 𝟐𝟖, 𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎.𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎,𝟒𝟑𝟑𝟕 − Experimental results. 
 
Turbulent dissipation energy𝜀 resultsshows in figures 5.27, 5.28 and 5.29.Figure 5.27 shows 𝜀 in x-
y direction at 8-cm height from the bed channel, high turbulent dissipation energy values appear in 
the right side (suction-side) and downstream of vane, and takes its maximum value about6 ×
 10−4 (𝑐𝑚2/𝑠3)= (0.007 times of channel power) from zero to 70 cm on x-axis, and then decreases 
taking its minimum values 3 ×  10−4 (𝑐𝑚2/𝑠3)= (0.0036 times of channel power) at 110-cm 
downstream of vane on x-axis (15H), when H is the vane height. 
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Comparison between two cross-sections in y-z distributions, one at – 55 cm upstream of vane and 
other located at + 15-cm downstream of vane is shows in figure 5.28, indicates high turbulent 
dissipation energy along the water depth, that energy increase near water surface and decrease near 
bed channel.   
 
Figure 5.27Turbulent dissipation energy(𝜺), x-y distributions – at 8-cm height from bed channel, with 
𝑻
𝒅𝒐
= 𝟎.𝟓𝟔𝟔𝟑,
𝑯
𝑳
=
𝟎. 𝟐𝟖, 𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎. 𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎, 𝟒𝟑𝟑𝟕 − Experimental results. 
 
  
Figure 5.28Turbulent dissipation energy(𝜺), y-z distributions – upstream and downstream from vane in x-axis, with 
𝑻
𝒅𝒐
=
𝟎. 𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎. 𝟐𝟖, 𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎.𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎,𝟒𝟑𝟑𝟕 − Experimental results. 
 
The vertical distributions (profiles) of turbulent dissipation energy 𝜀 in the channel (y/L = 0.8 left 
side of vane, and y/L = 0 centerline of vane) results plotted from equation 5.34, normalized with the 
channel power = 𝑔 ?̅?𝑆𝑓 = 0.08195 𝑐𝑚
2/𝑠3and are shown in figure 5.29, at different sections 
upstream and downstream of vane.  
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At the centerline of the vane y/L = 0: upstream of vane; the values are close to zero along the 
vertical axis z/d, and downstream of vane; are close to 0.5 × 10−3 (𝑐𝑚2/𝑠3)= (0.006 times of 
channel power) near bed channel, and high values presents at the sections located downstream of 
the vane at heights from z/d = 0.2 and z/d = 0.45, the values increased to reach its maximum value 
about 3 × 10−3 (𝑐𝑚2/𝑠3)= (0.036 times of channel power), figure 5.29 (right).  
At section y/L = 0.8:  the values are close to 0.5 × 10−3 (𝑐𝑚2/𝑠3)= (0.006 times of channel 
power) along the vertical axis z/d, except at z/d = 0.2, 0.25 and 0.3 the values take its maximum 
equal 1 ×  10−3 (𝑐𝑚2/𝑠3)= (0.012 times of channel power), figure 5.29 (left).  
 
Figure 5.29Turbulent dissipation energy profile (𝜺), x-z distributions – along the depth 
𝒛
𝒅
  - different cross sections, with 
𝑻
𝒅𝒐
=
𝟎. 𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎. 𝟐𝟖, 𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎.𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎,𝟒𝟑𝟑𝟕 − Experimental results. 
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5.2.4 Turbulence Intensities 
 
Turbulence Intensity is defined in the following equation: T. I. =  u′/U when u′ = the Root-Mean-
Square, or standard deviation, of the turbulent velocity fluctuations at a particular location over a 
specified period of time and U = the average of the flow velocity at the same location over same 
time period. 
 
T. I : Turbulence intensitynormalized with the mean flow velocity and has three components: 
 
Turbulence intensity in x-direction:   
𝑇. 𝐼𝑥 =
|𝑢𝑥
′ |
|√𝑢𝑥
2+𝑢𝑦
2+𝑢𝑧
2|
 ×  100                                                (5.35) 
Turbulence intensity in y-direction:   
𝑇. 𝐼𝑦 =
|𝑢𝑦
′ |
|√𝑢𝑥
2+𝑢𝑦
2+𝑢𝑧
2|
 ×  100                                                 (5.36) 
Turbulence intensity in z-direction:   
𝑇. 𝐼𝑧 =
|𝑢𝑧
′ |
|√𝑢𝑥
2+𝑢𝑦
2+𝑢𝑧
2|
 ×  100                                                  (5.37) 
Turbulence intensity can classify into three cases: 
1. High-turbulence case: Typically the turbulence intensity is between 5% and 20%. 
2. Medium-turbulence case: Flows at (low Reynolds number). Typically the turbulence 
intensity is between 1% and 5%. 
3. Low-turbulence case: Typically the turbulence intensity is very low, well below 1%.  
Streamwise turbulent intensity component 𝑇. 𝐼𝑥 results in x-y distributionsshows in figures 5.30 
5.31 and 5.32, high turbulence more than 20 % occurs in the area affected by vane from – 10 cm 
upstream to about 80-cm downstream of the vane on x-direction, and from – 5 cm to 10-cm on y-
axis. 
Comparison between two cross-sections in y-z distributions, one at – 25 cm upstream of vane and 
other located at + 15-cm downstream of vane is shows in figure 5.31, indicates high turbulence 
along the water depth, that turbulence increase near water surface and decrease near bed channel. 
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Figure 5.30    Streamwise turbulent intensity component (𝑻. 𝑰𝒙), x-y distributions – at 8-cm height from bed channel, with 
𝑻
𝒅𝒐
= 𝟎. 𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎. 𝟐𝟖, 𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎. 𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎, 𝟒𝟑𝟑𝟕 − Experimental results. 
 
  
Figure 5.31    Streamwise turbulent intensity component (𝑻. 𝑰𝒙), y-z distributions – upstream and downstream from vane in 
x-axis, with 
𝑻
𝒅𝒐
= 𝟎. 𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎.𝟐𝟖, 𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎. 𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎, 𝟒𝟑𝟑𝟕 − Experimental results. 
 
Streamwise turbulent intensity component 𝑇. 𝐼𝑥 profiles results shows in figure 5.32, at y/L = 0.8 
(20-cm left of vane on y-axis), there are no high changes in turbulence intensity, the maximum 
value reach to 18 %, but at section y/L = 0 (centerline of vane on y-axis) decrease rapidly towards 
the bed channel causing the damping of the streamwise fluctuations, at sections downstream of 
vane between z/d = 0.2 and z/d = 0.35 streamwise turbulent intensity reach to 25 % and about 18 % 
near the water surface, finally reach to 15 % near bed channel, upstream of vane the intensity was 
constant along the water depth at 15 %.     
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Figure 5.32    Streamwise turbulent intensity component profile(𝐓. 𝐈𝐱), x-z distributions – along the depth 
𝒛
𝒅
- at different cross 
sections, with 
𝑻
𝒅𝒐
= 𝟎.𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎. 𝟐𝟖, 𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎. 𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎, 𝟒𝟑𝟑𝟕 − Experimental results. 
 
Transverse turbulent intensity component 𝑇. 𝐼𝑦 results in x-y distributions shows in figures 5.33 
5.34 and 5.35, high turbulence more than 20 % occurs in the area affected by vane from – 10 cm 
upstream to about 40-cm downstream of the vane on x-direction, and from – 5 cm to 5-cm on y-
axis.   
Comparison between two cross-sections in y-z distributions, one at – 55 cm upstream of vane and 
other located at + 15-cm downstream of vane is shows in figure 5.34, indicates high turbulence 
along the water depth, that turbulence decreasenear water surface and near bed channel.   
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Figure 5.33Transverse turbulent intensity component (𝑻. 𝑰𝒚), x-y distributions – at 6-cm height from bed channel, with 
𝑻
𝒅𝒐
=
𝟎. 𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎. 𝟐𝟖, 𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎.𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎,𝟒𝟑𝟑𝟕 − Experimental results. 
 
  
Figure 5.34Transverse turbulent intensity component (𝑻. 𝑰𝒚), y-z distributions – upstream and downstream from vane in x-
axis, with 
𝑻
𝒅𝒐
= 𝟎. 𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎. 𝟐𝟖, 𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎. 𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎, 𝟒𝟑𝟑𝟕 − Experimental results. 
 
Transverse turbulent intensity component 𝑇. 𝐼𝑦 profiles results shows in figure 5.35, at y/L = - 0.8 
(20-cm left of vane on y-axis), there are no high changes in turbulence intensity, the maximum 
value reach to 15 %, but at section y/L = 0 (centerline of vane on y-axis) decrease rapidly towards 
the bed channel causing the damping of the transverse fluctuations, at sections downstream of vane 
between z/d = 0.2 and z/d = 0.4 transverse turbulent intensity reach to 30 % and 20 % near the 
water surface, finally reach to 10 % near bed channel, upstream of vane the intensity was constant 
along the water depth at 15 %.  
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Figure 5.35Transverse turbulent intensity component profile (𝑻. 𝑰𝒚), x-z distributions – along the depth 
𝒛
𝒅
 - at different cross 
sections, with 
𝑻
𝒅𝒐
= 𝟎.𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎. 𝟐𝟖, 𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎. 𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎, 𝟒𝟑𝟑𝟕 − Experimental results. 
 
Vertical turbulent intensity component 𝑇. 𝐼𝑧 results in x-y distributions shows in figures 5.36, 5.37 
and 5.38, high turbulence more than 30 % occurs in the area affected by vane from – 10 cm 
upstream to about 90-cm downstream of the vane on x-direction, and from – 5 cm to 15-cm on y-
axis.  
Comparison between two cross-sections in y-z distributions, one at – 55 cm upstream of vane and 
other located at + 15-cm downstream of vane is shows in figure 5.37, indicates high turbulence 
along the water depth, that turbulence decrease near water surface and near bed channel.   
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Figure 5.36Vertical turbulent intensity component (𝑻. 𝑰𝒛), x-y distributions – at 6-cm height from bed channel, with 
𝑻
𝒅𝒐
=
𝟎. 𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎. 𝟐𝟖, 𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎.𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎,𝟒𝟑𝟑𝟕 − Experimental results. 
 
  
Figure 5.37Vertical turbulent intensity component (𝑻. 𝑰𝒛), y-z distributions – upstream and downstream from vane in x-axis, 
with 
𝑻
𝒅𝒐
= 𝟎. 𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎.𝟐𝟖, 𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎. 𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎, 𝟒𝟑𝟑𝟕 − Experimental results. 
 
Vertical turbulent intensity component 𝑇. 𝐼𝑧 profiles results shows in figure 5.38, at y/L = - 0.8 (20-
cm left of vane on y-axis), there are no high changes in turbulence intensity, its maximum value is 
16 %, but at section y/L = 0 (centerline of vane on y-axis) decrease rapidly towards the bed channel 
causing the damping of the transverse fluctuations, at sections downstream of vane between z/d = 
0.2 and z/d = 0.4 transverse turbulent intensity reach to 40 % and about 25 % near the water 
surface, finally reach to 5 % near bed channel, upstream of vane the intensity was constant along 
the water depth at 8 %.   
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Figure 5.38Vertical turbulent intensity component profile (𝑻. 𝑰𝒛), x-z distributions – along the depth 
𝒛
𝒅
 - at different cross 
sections, with 
𝑻
𝒅𝒐
= 𝟎.𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎. 𝟐𝟖, 𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎. 𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎, 𝟒𝟑𝟑𝟕 − Experimental results. 
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5.2.5 Kolmogorov Scales 
 
The integral scales of length, time and velocity are denoted by 𝑙, 𝑡 =  𝑙/𝑢 and 𝑢. These are the 
characteristics of the flow determined by the imposed geometry. For example in a pipe the length 
scale of the largest eddy would equal the diameter. The integral scales can thus be seen as the 
boundary conditions of the flow, and they are specific to the flow situation in question. The 
Reynolds number with the integral scales is 𝑅𝑒 =
𝑈𝐿
𝜈
.  
 
The Kolmogorov micro scales are the scales at which the smallest turbulent motion exists before 
they are dissipated by viscous effects. Observing that these small-scale motions have very small 
time scales, it can be assumed that these motions are statistically independent of the large-scale 
turbulence, which has a long turnover time. From here Kolmogorov stated that the small scales 
should only be dependent on the energy supplied from the large scales and the viscosity, but the 
supplied energy must equal the dissipated energy and therefore the small scales are a function of 
dissipation and viscosity. Utilizing this fact together with dimensional analysis these expressions 
can be inferred for the scales of length, 𝜂𝑘, time, 𝑡𝜂, and velocity, 𝑢𝜂: 
𝜂𝑘 = (
𝜈3
ℇ
)
1
4⁄
𝑡𝜂 = (
𝜈
ℇ
)
1
2⁄
𝑢𝜂 = (𝜈ℰ)
1
4⁄                                        (5.38) 
 
If we insert these variables into the expression for the Reynolds number we get: 
𝑅𝑒 =
𝑈𝐿
𝜈
=
[(𝜈ℰ)
1
4⁄ ][(
𝜈3
ℇ
)
1
4⁄
]
𝜈
= 1                                                 (5.39) 
 
This Reynolds number shows that the viscous effects are always important at these scales. It is also 
interesting to see the ratio of the small-scale to the large- scale, but in order to do that we need 
another way of describing 𝜂𝑘, i.e. an expression for the dissipation 𝜀 is needed. Following the 
arguments of Tennekes and Lumley, 1972 we start with the assumption that the rate of the energy 
supplied to small eddies is proportional to the reciprocal of the time scale of the integral scale. The 
integral time scale is 𝑙/𝑢, and the kinetic energy per unit mass in the integral scale is 𝑢2. Thus will 
the rate of energy supply from the large scale be proportional to 𝑢3/𝑙 and: 
 
𝜀 =
𝑈3
𝐿
                                                                       (5.40) 
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Now we are equipped to compare the integral and Kolmogorov scales: 
 
𝜂𝑘
𝑙
= 𝑅𝑒
−3
4⁄ 𝑡𝜂
𝑡
= 𝑅𝑒
−1
2⁄ 𝑢𝜂
𝑢
= 𝑅𝑒
−1
4⁄                                       (5.41) 
 
We see that the difference between the scales increases with the Reynolds number, and could 
appear to reach the limit zero.  
 
5.2.5.1 Turbulent Length Scale 
 
Turbulent length scale 𝜂𝑘 results shows in figures 5.39, 5.40 and 5.41. Figure 5.39 shows 𝜂𝑘 in x-y 
direction at 8-cm height from the bed channel, small turbulent length scale values appear in the area 
affected by vane and downstream, and takes its minimum value about 1 ×  10−3 cm from 15-cm to 
30-cm on x-axis, and then increase taking its maximum values 1.4 × 10−3 cm at 160-cm 
downstream of vane on x-axis (23H), when H is the vane height.  
 
Figure 5.39Turbulent length scale (𝜼𝒌), x-y distributions – at 8-cm height from bed channel, with 
𝑻
𝒅𝒐
= 𝟎.𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎. 𝟐𝟖,
𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎. 𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎, 𝟒𝟑𝟑𝟕 − Experimental results. 
 
Comparison between two cross-sections in y-z distributions, one at – 55 cm upstream of vane and 
other located at + 15-cm downstream of vane is shows in figure 5.40, indicates constant turbulent 
length scale upstream at1.4 ×  10−3 cmalong the water depth, and decrease downstream to reach it 
minimum values about 0.7 ×  10−3 cm.  
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Figure 5.40Turbulent length scale (𝜼𝒌), y-z distributions – upstream and downstream from vane in x-axis, with 
𝑻
𝒅𝒐
= 𝟎.𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎. 𝟐𝟖, 𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎.𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎,𝟒𝟑𝟑𝟕 − Experimental results. 
 
The vertical distributions (profiles) of turbulent length scale 𝜂𝑘 in the channel (y/L = 0.8 left side of 
vane, and y/L = 0 centerline of vane) results plotted from equation 5.38 and are shown in figure 
5.41, at different sections upstream and downstream of vane.  
 
At the centerline of the vane y/L = 0: upstream of vane; the values are close to 1.4 × 10−3 cm 
along the vertical axis z/d, and downstream of vane; are close to 1.1 ×  10−3 cm near bed channel, 
and low values presents at the sections located downstream of the vane at heights from z/d = 0.2 
toz/d = 0.45, the values decreased to reach its minimum value about 0.8 ×  10−3 cm figure 5.41 
(right).  
At section y/L = 0.8:  the values are close to 1.2 × 10−3 cmalong the vertical axis z/d near bed 
channel, at z/d = 0.125 the values are close to 1.6 ×  10−3 cm, and from z/d = 0.2 to z/d = 0.3 the 
values decreased to 1.1 × 10−3 cm, finally from z/d = 0.35 the values increased take its maximum 
equal 1.6 ×  10−3 cm,figure 5.41 (left).  
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Figure 5.41Turbulent length scale profile (𝜼𝒌), x-z distributions – along the depth 
𝒛
𝒅
 - at different cross sections, with 
𝑻
𝒅𝒐
=
𝟎. 𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎. 𝟐𝟖, 𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎.𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎,𝟒𝟑𝟑𝟕 − Experimental results. 
 
5.2.5.2 Turbulent Time Scale 
 
Turbulent time scale 𝑡𝜂 results shows in figures 5.42, 5.43 and 5.44. Figure 5.42 shows 𝑡𝜂 in x-y 
direction at 6-cm height from the bed channel, small turbulent time scale values appear in the area 
affected by vane and downstream, and takes its minimum value about 0.05seconds from 15-cm to 
30-cm on x-axis, and then increase taking its maximum values 0.18 seconds at 140-cm downstream 
of vane on x-axis (20H), when H is the vane height.  
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Figure 5.42Turbulent time scale (𝒕𝜼), x-y distributions – at 6-cm height from bed channel, with 
𝑻
𝒅𝒐
= 𝟎. 𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎. 𝟐𝟖, 𝜶 =
𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎. 𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎, 𝟒𝟑𝟑𝟕 − Experimental results. 
 
Comparison between two cross-sections in y-z distributions, one at – 55 cm upstream of vane and 
other located at + 15-cm downstream of vane is shows in figure 5.43, indicates constant turbulent 
time scale upstream at0.2 secondsalong the water depth, and decrease downstream to reach it 
minimum values about 0.05 seconds. 
  
Figure 5.43Turbulent time scale (𝒕𝜼), y-z distributions – upstream and downstream from vane in x-axis, with 
𝑻
𝒅𝒐
= 𝟎. 𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎. 𝟐𝟖, 𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎.𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎,𝟒𝟑𝟑𝟕 − Experimental results. 
 
The vertical distributions (profiles) of turbulent time scale 𝑡𝜂 in the channel (y/L = 0.8 left side of 
vane, and y/L = 0 centerline of vane) results plotted from equation 5.38 and are shown in figure 
5.44, at different sections upstream and downstream of vane. 
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At the centerline of the vane y/L = 0: upstream of vane; the values are close to 0.2 seconds along 
the vertical axis z/d, and downstream of vane; are close to 0.125 seconds near bed channel, and low 
values presents at the sections located downstream of the vane at heights from z/d = 0.2 to z/d = 
0.45, the values decreased to reach its minimum value about 0.05 seconds, figure 5.44 (right).  
At section y/L = 0.8:  the values are close between 0.15 and 0.2 seconds along the vertical axis z/d 
near bed channel, at z/d = 0.17 the values are close to 0.15 seconds, and from z/d = 0.2 to z/d = 0.3 
the values decreased to 0.1 seconds, finally from z/d = 0.35 the values increased take its maximum 
equal 0.25 seconds, figure 5.44 (left).  
 
Figure 5.44Turbulent time scale profile (𝒕𝜼), x-z distributions – along the depth 
𝒛
𝒅
 - at different cross sections, with 
𝑻
𝒅𝒐
=
𝟎. 𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎. 𝟐𝟖, 𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎.𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎,𝟒𝟑𝟑𝟕 − Experimental results. 
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5.2.5.3 Turbulent Velocity Scale 
 
Turbulent velocity scale 𝑢𝜂 results shows in figures 5.45, 5.46 and 5.47. Figure 5.45 shows 𝑢𝜂 in x-
y direction at 8-cm height from the bed channel, small turbulent velocity scale values appear in the 
area affected by vane and downstream, and takes its maximum value about 0.01 cm/s from – 15-cm 
to 80-cm on x-axis, and then decrease taking its minimumvalues 0.08 cm/s at 120-cm downstream 
of vane on x-axis (17H), when H is the vane height.  
 
Figure 5.45Turbulent velocity scale (𝒖𝜼), x-y distributions – at 8-cm height from bed channel, with 
𝑻
𝒅𝒐
= 𝟎. 𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎.𝟐𝟖,
𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎. 𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎, 𝟒𝟑𝟑𝟕 − Experimental results. 
 
Comparison between two cross-sections in y-z distributions, one at – 25 cm upstream of vane and 
other located at + 15-cm downstream of vane is shows in figure 5.46, indicates constant turbulent 
velocity scale upstream at0.075 cm/salong the water depth, and decrease downstream to reach it 
minimum values about 0.009 cm/s. 
The vertical distributions (profiles) of turbulent velocity scale 𝑢𝜂 in the channel (y/L = 0.8 left side 
of vane, and y/L = 0 centerline of vane) results plotted from equation 5.38 and are shown in figure 
5.47, at different sections upstream and downstream of vane.  
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Figure 5.46Turbulent velocity scale (𝒖𝜼), y-z distributions – upstream and downstream from vane in x-axis, with 
𝑻
𝒅𝒐
=
𝟎. 𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎. 𝟐𝟖, 𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎.𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎,𝟒𝟑𝟑𝟕 − Experimental results. 
 
At the centerline of the vane y/L = 0: upstream of vane; the values are close to 0.008 cm/s along the 
vertical axis z/d, and downstream of vane; are close between0.008 cm/s and 0.01 cm/s near bed 
channel, and high values presents at the sections located downstream of the vane at heights from z/d 
= 0.2 to z/d = 0.45, the values decreased to reach its maximum value about 0.013 cm/s figure 5.47 
(right).  
At section y/L = 0.8:  the values are close to 0.008 cm/s along the vertical axis z/d near bed 
channel, at z/d = 0.125 the values are close to 0.006 cm/s, and from z/d = 0.2 to z/d = 0.3 the values 
increased to 0.0096 cm/s, finally from z/d = 0.35 the values decreased again to take its minimum 
equal 0.006 cm/s, figure 5.41 (left).  
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Figure 5.47Turbulent velocity scale profile (𝒖𝜼), x-z distributions – along the depth 
𝒛
𝒅
 - at different cross sections, with 
𝑻
𝒅𝒐
=
𝟎. 𝟓𝟔𝟔𝟑,
𝑯
𝑳
= 𝟎. 𝟐𝟖, 𝜶 = 𝟐𝟎𝒐,
𝒅𝒐
𝒃
= 𝟎.𝟎𝟔𝟒,
𝑯
𝒅𝒐
= 𝟎,𝟒𝟑𝟑𝟕 − Experimental results. 
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5.3 Kinetic Energy Spectrum 
Energy spectrum and the second-order longitudinal structure function tell us how the kinetic energy 
is distributed across the different eddy sizes. 
The second-order longitudinal structure function defined in terms of the longitudinal velocity 
increment, ∆𝑣 =  𝑢𝑥(𝑥 + 𝑟) − 𝑢𝑥(𝑥) as follows: 
〈[∆𝑣]2〉 = 〈[𝑢𝑥(𝑥 + 𝑟) − 𝑢𝑥(𝑥)]
2〉                                           (5.42) 
Generally, the structure function of order 𝑝 is 〈[∆𝑣 (𝑟)]𝑝〉. It seems credible that only eddies of size 
~ 𝑟, or less, can make a significant contribution to ∆𝑣, and so 〈[∆𝑣]2〉 is often taken as an 
indication of the energy per unit mass contained in the eddies of size 𝑟 or less. 〈[∆𝑣 (𝑟)]2〉 and 
function of  𝑟, 𝑓(𝑟) are related by: 
〈[∆𝑣 (𝑟)]2〉 = 2𝑢2(1 − 𝑓)                                                  (5.43) 
And so far large 𝑟, 
〈[∆𝑣]2〉 →  
4
3
〈
1
2
𝑢2〉                                                       (5.44) 
And for all energy in eddies of size 𝑟 or less: 
〈[∆𝑣 (𝑟)]2〉 ~ 
4
3
 [all energy in eddies of size 𝑟 or less] 
Eddies larger than𝑟 do make a contribution to ∆𝑣 and this contribution is of the order of: 
𝑟 ×(velocity gradient of eddy), or  𝑟 × |𝜔|. Thus a better interpretation of  〈[∆𝑣]2〉 would be: 
〈[∆𝑣 (𝑟)]2〉 ~ 
4
3
[all energy in eddies of size 𝑟 or less] +
                                                  𝑟2 [all enstrophy in eddies of size 𝑟 or greater]                       (5.45) 
With our results we used an alternative convention, however, is to work with wave number 𝑘rather 
than eddy size, and to use the Fourier transform to identify structures of different sizes, the energy 
spectrum defined as: 
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𝐸(𝑘) =
2
𝜋
∫ 𝑅(𝑟) 𝑘𝑟
∞
0
sin(𝑘𝑟) 𝑑𝑟                                           (5.46) 
𝑅(𝑟) = ∫ 𝐸(𝑘)
∞
0
sin (𝑘𝑟)
𝑘𝑟
 𝑑𝑘                                                (5.47) 
Where:𝑅(𝑟) =
1
2
〈𝑢(𝑥) 𝑢 (𝑥 + 𝑟)〉. It is possible to show that 𝐸(𝑘) has three properties: 
(1) 𝐸(𝑘)  ≥ 0 
(2) For a random array of simple eddies of fixed size 𝑟, 𝐸(𝑘) peaks around 𝑘 ~ 𝜋/𝑟. 
(3) Equation 𝑅(𝑟) = ∫ 𝐸(𝑘)
∞
0
sin (𝑘𝑟)
𝑘𝑟
 𝑑𝑘, in the limit 𝑟 → 0, we have: 
1
2
〈𝑢2〉 = ∫ 𝐸(𝑘)
∞
0
 𝑑𝑘, with wave numbers in the range 𝑘 → 𝑘 + 𝑑𝑘, where 𝑘 ~ 𝜋/𝑟. 
Turbulent kinetic energy spectrum E(k) results, defined by equation (5.46), different distances from 
the bed (z = 1-cm, 3-cm, 5-cm and 7-cm) at points located in the channel cross-section upstream 
and downstream in the area affected by vane are presented in figures 5.48, 5.49 and 5.50. 
The calculated spectrum may have a very large variance so that the spectrum has very large 
oscillations. To decrease the variance, the frequency smoothing is usually applied using spectral 
windows. In our analysis, the relative shape of the spectrum was more important than the actual 
values, since only the shape was needed to identify the Kolmogorov inertial sub range and other 
frequency sub ranges. 
The inertial sub range within which “–5/3 power law” applies sub range of frequencies are detected 
in the channel centerline (figures 5.48and5.51). At 1-cm height from the channel bed, the inertial 
sub range is located between frequencies 1.0 Hz to 10.0 Hz, at 3-cm from channel-bed, the inertial 
sub range is located between frequencies 2.0 Hz to 12.0 Hz.  
 
 
 156 
 
  
Figure 5.48    Energy spectrum 𝑬(𝒌) versus frequency compared with Kolmogorov’s universal  equilibrium (−𝟓 𝟑⁄ ) theorem, 
at points: x = -25-cm, y = -25, z = 1-cm (left – Probe 0) and x = 15-cm, y = -15, z = 2-cm (right – Probe 1) upstream and 
downstream of vane. 
 
 
  
Figure 5.49    Energy spectrum 𝑬(𝒌) versus frequency compared with Kolmogorov’s universal  equilibrium (−𝟓 𝟑⁄ ) theorem, 
at points: x = 25-cm, y = -5, z = 3-cm (left – Probe 2) and x = 35-cm, y = 0, z = 4-cm (right – Probe 3) downstream of vane. 
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Figure 5.50    Energy spectrum 𝑬(𝒌) versus frequency compared with Kolmogorov’s universal  equilibrium (−𝟓 𝟑⁄ ) theorem, 
at points: x = 45-cm, y = 15, z = 5-cm (left – Probe 4) and x = 55-cm, y = 25, z = 6-cm (right – Probe 5) downstream of vane. 
 
 
  
Figure 5.51    Energy spectrum 𝑬(𝒌) versus frequency compared with Kolmogorov’s universal  equilibrium (−𝟓 𝟑⁄ ) theorem, 
at points: x = 60-cm, y = 34, z = 7-cm (left – Probe 6) and x = -25-cm, y = -25, z = 8-cm (right– Probe 0) upstream and 
downstream of vane. 
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5.4 Turbulent Velocities Fields 
 
Turbulent velocities obtained from experiments can be represented in quadrants, so that we can 
observe the distribution of points trying to find any changes in its behavior forms. 
 
Quadrant analysis refers to a set of analyzing techniques that are applied to scatter plots formed by 
two turbulent quantities such as vertical velocity fluctuations (𝑤) and a flow variable (𝑐) 
fluctuation (e.g., 𝑢1, 𝑇, and 𝑞). In analogy to momentum transport, four quadrants defined by the 
Cartesian axes of the scatter plot (𝑆𝑖, 𝑖 =  1, … . . . , 4) are used to represent four modes of turbulent 
transport: (e.g., 𝑤 >  0 and 𝑐 >  0, 𝑤 <  0and 𝑐 >  0, 𝑤 >  0 and 𝑐 <   0, and 𝑤 <   0 and 𝑐 <
  0). The quadrant nomenclature for scalar and momentum transport is presented in Figure 5.52, 
where the nomenclature for momentum and scalars are identical to those used by Willmarth and Lu 
(1974) and Chen (1990) respectively. That is, quadrants 4 and 1 define ejection events, and 
quadrants 2 and 3 define sweep events, for momentum and scalar fluxes respectively. 
 
The stress fraction 𝑆𝑖 for quadrant ‘𝑖’ is defined as the flux contribution to 𝑤𝑐 from that quadrant 
using: 
{
𝑆𝑖 =
〈〈𝑤𝑐〉〉𝑖
〈𝑤𝑐〉
〈〈𝑤𝑐〉〉𝑖 =
1
𝑇𝑝
∫ 𝑤(𝑡) 𝑐(𝑡)𝐼𝑖  𝑑𝑡
𝑇𝑝
0
}                                        (5.48) 
where 〈〈 〉〉are conditional averages, Ii is the indicator function defined by: 
𝐼𝑖 = {
 1       if event coordinates (w, c) are within quadrant 𝑖; 𝑖 = 1, 2, 3, 4
 0        otherwise                                                                                                 
}       (5.49) 
with S1 + S2 + S3 + S4 = 1. As discussed in Subramanian et al. (1982), the above approach is ill 
suited for constructing ensemble structural ejection-sweep elements but is reliable in producing 
conditional averages influenced by ejections and sweeps. 
A coordinate transformation can be applied to the scalar time series so that quadrants 2 and 4 define 
sweeps and ejections as necessary to the application of Raupach (1981) result (Equation (5.52)) 
rather than quadrants 3 and 1.  
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Figure 5.52Ejection-sweep definitions for scalar and momentum transport. Events in quadrants 2 and 4 define sweeps and 
ejections for momentum fluxes, respectively. Events in quadrants 3 and 1 define sweeps and ejections for scalar fluxes, 
respectively. 
 
Based on a third-order Cumulant Expansion Method (CEM), Nakagawa and Nem (1977) and 
Raupach (1981) showed that the difference between stress fractions due to sweeps and ejections 
(∆𝑆𝑜 = 𝑆4 − 𝑆2), which is a measure of the relative importance of the two types of mechanisms, is 
given by: 
{
 
 
 
 ∆𝑆𝑜 =
𝑅𝑤𝑐+1
𝑅𝑤𝑐√2𝜋
(
2𝐶1
(1+𝑅𝑤𝑐)2
+
𝐶2
1+𝑅𝑤𝑐
)
𝐶1 = (1 + 𝑅𝑤𝑐) (
1
6
(𝑀03 −𝑀30) +
1
2
(𝑀21 −𝑀12))
𝐶2 = − (
1
6
(2 − 𝑅𝑤𝑐)(𝑀03 −𝑀30) +
1
2
(𝑀21 −𝑀12))}
 
 
 
 
                   (5.50) 
where 𝑅𝑤𝑐 is the correlation coefficient given by: 
𝑅𝑤𝑐 =
〈𝑤𝑐〉
𝜎𝑤𝜎𝑐
                                                         (5.51) 
and 𝑀𝑖𝑗 are the dimensionless joint moments given by: 
𝑀𝑖𝑗 =
〈𝑤𝑖𝑐𝑗〉
(𝜎𝑤)𝑖(𝜎𝑐)𝑗
                                                      (5.52) 
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where σc = 〈c
2〉
1
2⁄  and σw = 〈w
2〉
1
2⁄ are the standard deviations of c and w, respectively (c =
 u, T , q), andM11 = Rwc. The durations of ejections and sweeps are given by: 
𝐷𝑖 =
1
𝑇𝑝
∫ 𝐼𝑖(𝑡)𝑑𝑡
𝑇𝑝
0
                                                     (5.53) 
where D1 and D4 are total ejection, and D3 and D2 are total sweep, durations in Tp for scalar and 
momentum transport respectively (Figure 5.52). Also, Di can be viewed as the ratio of the total 
duration of events in quadrant i to the sampling period Tp. Therefore, Di is the time fraction of 
measurement events in quadrant 𝑖 (hereafter referred to as time fraction in keeping with Coppin et 
al., 1986). 
Some examples of these quadrants would be as shown in figures 5.53, 5.54, 5.55 and 5.56 at 
different points of the channel. We can see a distribution of turbulent fluctuation velocities 𝑣𝑥
′  - 𝑣𝑦
′ , 
𝑣𝑥
′  - 𝑣𝑧
′ and 𝑣𝑦
′  - 𝑣𝑧
′ there are some changes of its behaviors; there are correlation between the 
velocities on the x-axis of the channel (longitudinal), the y-axis (transverse-horizontal) and the z-
axis (transversal-vertical), also there are tow shear stresses appear in tow different directions at the 
same point, as shows in figures. 
 
 
Figure 5.53    Turbulent velocities fields at points: x = 25-cm, y = -5-cm, z = 1-cm (up) and x = 45-cm, y = 0, z = 3-cm (down), 
each dot represents a pair at a certain time: 
(blue) 𝒗𝒙
′ , 𝒗𝒚
′ , (green) 𝒗𝒙
′ , 𝒗𝒛
′  and (red) 𝒗𝒚
′ , 𝒗𝒛
′  – downstream of vane – Experimental results. 
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Figure 5.54    Turbulent velocities fields at point (x = 35-cm, y = 0, z = 3-cm), each dot represents a pair at a certain time: 
(blue) 𝒗𝒙
′ , 𝒗𝒚
′ , (green) 𝒗𝒙
′ , 𝒗𝒛
′  and (red) 𝒗𝒚
′ , 𝒗𝒛
′  – downstream of vane – Experimental results. 
 
 
 
Figure 5.55    Turbulent velocities fields at points: x = 35-cm, y = 0, z = 5-cm (up) and x = 45-cm, y = 0, z = 4-cm (down), each 
dot represents a pair at a certain time: 
(blue) 𝒗𝒙
′ , 𝒗𝒚
′ , (green) 𝒗𝒙
′ , 𝒗𝒛
′  and (red) 𝒗𝒚
′ , 𝒗𝒛
′  – downstream of vane – Experimental results. 
 
 
Figure 5.56    Turbulent velocities fields at point (x = 45-cm, y = 15, z = 8-cm), each dot represents a pair at a certain time: 
(blue) 𝒗𝒙
′ , 𝒗𝒚
′ , (green) 𝒗𝒙
′ , 𝒗𝒛
′  and (red) 𝒗𝒚
′ , 𝒗𝒛
′  – downstream of vane – Experimental results. 
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5.5 Fluctuating Velocities and Reynolds Stresses Histograms 
 
The frequency of occurrence of a given amplitude (or value) from a finite number of realizations of 
a random variable can be displayed by dividing the range of possible values of the random variables 
into a number of slots (or windows). Since all possible values are covered, each realization fits into 
only one window. For every realization a count is entered into the appropriate window. When all 
the realizations have been considered, the total number of realizations divides the number of counts 
in each window. The result is called the histogram (or frequency of occurrence diagram). From the 
definition it follows immediately that the sum of the values of all the windows is exactly one. 
 
The shape of a histogram depends on the statistical distribution of the random variable, but it also 
depends on the total number of realizations, and the size of the slots. Thus the histogram shows the 
relative frequency of occurrence of a given value range in a given ensemble. If the size of the 
sample is increased so that the number of realizations in each window increases, the diagram will 
become less erratic and will be more representative of the actual probability of occurrence of the 
amplitudes of the signal itself, as long as the window size is sufficiently small. 
If the number of realizations, increases without bound as the window size goes to zero, the 
histogram divided by the window size goes to a limiting curve called the probability density 
function, (pdf). 
Turbulent flow velocity at any point is by definition a random variable. The behavior of this 
velocity can be described by probability density function 𝑝(𝑢). Velocity measurements provide a 
time series of values recorded at time instants at regular intervals ∆t. We restrict our considerations 
to stationary and random processes. For this situation, the probability density function (pdf) is 
invariant with respect to time and only one sample record over a sufficiently long time interval is 
needed to define the pdf and relevant statistical characteristics. Thus, all information about the 
turbulent velocity at a point can be obtained from one time series. 
The pdf and the statistical moments in this analysis depend only on the magnitudes of the velocities 
measured at one point in the flow and not on the sequence in which those values occur. Reynolds 
stresses depend on the simultaneously recorded velocities in two directions at a point, but similarly 
to the pdf function they are independent from the sequence of values. 
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Figures 5.57, 5.58, 5.59 and 5.60are showing examples of experimental Histogram results of the 
relative distribution of the instantaneous turbulent velocities field at different points of the channel: 
(a)  𝑣𝑥
′ , (b) 𝑣𝑦
′  and (c) 𝑣𝑧
′. 
 
Figure 5.57    Histogram of the relative distribution of the instantaneous velocity field at point (x = 35-cm, y = 0, z = 1-cm): 
(a) 𝒗𝒙
′ , (b) 𝒗𝒚
′  and (c) 𝒗𝒛
′  –Experimental results. 
 
 
Figure 5.58    Histogram of the relative distribution of the instantaneous velocity field at point (x = 35-cm, y = 0, z = 2-cm): 
(a) 𝒗𝒙
′ , (b) 𝒗𝒚
′  and (c) 𝒗𝒛
′  –Experimental results. 
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Figure 5.59    Histogram of the relative distribution of the instantaneous velocity field at point (x = 35-cm, y = 0, z = 4-cm): 
(a) 𝒗𝒙
′ , (b) 𝒗𝒚
′  and (c) 𝒗𝒛
′  –Experimental results. 
 
 
Figure 5.60    Histogram of the relative distribution of the instantaneous velocity field at point (x = 35-cm, y = 0, z = 6-cm): 
(a) 𝒗𝒙
′ , (b) 𝒗𝒚
′  and (c) 𝒗𝒛
′  –Experimental results. 
 
Figures 5.61, 5.62, 5.63 and 5.64are showing examples of experimental results of the probability 
density function (pdf) of Reynolds normal and shear stresses in the x-y plane at different points of 
the channel: (a) 𝜏𝑥𝑥, (b) 𝜏𝑦𝑦, (c) 𝜏𝑧𝑧, (d) 𝜏𝑥𝑦, (e) 𝜏𝑥𝑧 and (f) 𝜏𝑦𝑧.    
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Figure 5.61    Histogram of the probability density function of Reynolds normal and shear stresses, in the x-y plane at point 
(x = 15-cm, y = -15, z = 2-cm) – Experimental results. 
 
 
 
Figure 5.62    Histogram of the probability density function of Reynolds normal and shear stresses, in the x-y plane at point 
(x = 35-cm, y = 0, z = 2-cm) – Experimental results. 
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Figure 5.63    Histogram of the probability density function of Reynolds normal and shear stresses, in the x-y plane at point 
(x = 35-cm, y = 0, z = 3-cm) – Experimental results. 
 
 
Figure 5.64    Histogram of the probability density function of Reynolds normal and shear stresses, in the x-y plane at point 
(x = 35-cm, y = 0, z = 8-cm) – Experimental results. 
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Chapter  6: Summary, Conclusion and Research Needs 
 
6.1 Summary 
 
Experimental study was conducted to analyze the physical flow turbulence and sediment 
distribution with submerged vane. The objectives behind the investigation were verified and 
compare experimental results with the Odgaard’s theory, also; achieved to measure vertical 
pressures acting on both sides of submerged vane, calculate lift and drag forces, lift and drag 
coefficients experimentally.  
 
Other motivation of the study was investigates experimentally the hydrodynamic characterization of 
submerged vanes as; velocities fields, circulation, vorticity, bed topography, pressures, drag and lift 
forces with its coefficients, study physical fluid turbulence of submerged vanes as; Reynolds 
normal and shear stresses, turbulent kinetic energy and rate of dissipation, turbulence intensities, 
Kolmogorov scales, kinetic energy spectrum, turbulent velocities fields, fluctuating velocities and 
finally Reynolds stresses histograms.  
 
Tests were conducted with clear water was transported throughout the re-circulated rectangular 
channel with cross-section 7.5-m long, 2.52-m wide channel with a bed consisting of 50-cm thick 
layer of sand with a median diameter of 1.6-mm and a geometric standard deviation of 1.36.  
 
Velocities were measured with a 7 Acoustic Doppler Velocimeter – ADV, which were calibrated 
and checked periodically, depths and water surface elevations were measured with a gauge that 
could be read with an error of less than 0.3-mm. The current meter, gauges were mounted on a 
movable instrument sliding carriage, which rode on rails a top of the channel walls, on a traversing 
mechanism, which enabled them to be positioned at any desired location in the channel. Positioning 
and data sampling were controlled from a computer program.  
 
The water surface elevations were used to determine water surface slope 𝑆 and Darcy-Weisbach 
friction factor 𝑓 = 8𝑔𝑅𝑆/𝑢𝑜
2, where 𝑢𝑜 = undisturbed (pre-vane) cross-sectional-averaged velocity. 
In all tests, 𝑢𝑜 = 0.2867 𝑚/𝑠, and the discharge 𝑄 = 116,62 𝑙/𝑠 = 0.11662 𝑚
3/𝑠.  
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The vanes were made of 14-mm-thick PVC sheet, they were rectangular in shape, with height H = 7 
cm = 0.4337d, and length L = 25 cm = 3.571H. In all tests, the vanes were placed at an angle of 
attack of 20 degrees with the channel centerline. Water depth was 0.1614-m, pre-vane water surface 
slope, friction factor and geometric standard deviation, 𝜎𝑔, were 1.6 × 10
−3, 0.045 and 1.36 
respectively.   
 
To carry out the tests we had to determine a fundamental parameter and boundary conditions: 
 
- Initial flow depth (prior to scouring): 𝑑𝑜 = 0.1614 𝑚. 
- Flow discharge: 𝑄 = 11.6617 l/s 𝑄 = 0.116617  𝑚3/𝑠. 
- Mean flow velocity: 𝑢 = 0.2867 m/s. 
- Flow Froude number:  𝐹𝑅 = 0.2278. 
- Hydraulic radius:  𝑅ℎ = 0.143 𝑚. 
- Roughness Manning coefficient: 𝑛 = 0.016. 
- Energy Solpe: 𝑆𝑓 = 0.0002913. 
- Friction Factor: 𝑓 = 0.038. 
- Flow Reynolds number:  𝑅𝑒 = 143853. 
- Shear velocity,  𝑢∗ = 0.020 𝑚/𝑠. 
- The sediment Reynolds number is:  𝑅𝑒∗ = 32.35. 
- Velocities ratio: 
𝑢
𝑢∗
= 14.19. 
- Critical shear stress: 𝜏𝑐𝑟 = 1.2949 
𝑁
𝑚2⁄ . 
- Normal shear stress: 𝜏𝑜 = 0.4089 
𝑁
𝑚2⁄ . 
- Normal / critical shear stresses ratio:  
𝜏𝑜
𝜏𝑐𝑟
= 0.3158 < 1 (The bed stress conditions are 
below the threshold of movement of the particles). 
 
The Vectrinos were been calibrated to work at 25Hz and for each position taken data for 4 minutes, 
a sample volume that is located approximately 4.3 mm of the device. For each position there are 
seven Vectrinos 10-cm distance from one to other taking data, so data recorded 7 points at the same 
time.  
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Data recorded were taking on about 24.080 points on whole the sectional cross channel, with the 
aim to measure the velocities once the channel-bed has reached to the permanent regime or steady 
state (equilibrium), during the measurements of velocities, we has taken the bed topography 
(bathymetry) of the channel-bed by using ADV. 
In the current dissertation, we development a system to measure the vertical pressure acting on both 
surfaces of vane, we installed 30 plastic tubes (1-mm diameter and 3.5-m long) in each side of 
Vane, points 1 to 30 on the left side of the Vane, and points 31 to 60 on the right side on the vane 
(viewing from upstream to downstream), all tubes were connected to a millimeter table. Once 
obtained the experimental pressures measured at the laboratory on both sides of vane, the pressure 
difference between vane sides (∆𝑃), and the perpendicular resultant force (𝐹𝑅)⊥ acting on the vane, 
first calculated the resultant force between drag and lift components (𝐹𝑅), then we used this force to 
calculate drag force 𝐹𝐷 and lift force 𝐹𝐿, also calculated Drag coefficient 𝐶𝐷, and finally we 
calculated the Lift coefficient 𝐶𝐿. 
All results in this investigation were calculating by Matlab and plot after filtering and despiking the 
experimental data measured at the laboratory to avoid mistakes. 
 
Results, includes submerged vanes turbulence statistics as; Probability distribution of the velocity 
field, Reynolds stresses, Turbulence intensity, Kinetic and Dissipation energy, and finally, 
Kolmogorov turbulence scales. Other results contain energy spectrum, turbulent velocities fields, 
fluctuating velocities and Reynolds stresses histograms.   
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6.2 Conclusion 
 
Profiles located on the pressure-side of the vane (left side) at y = - 20 cm (y/L = - 0.8, when L is the 
length of the vane = 25-cm) from the center of vane, we can observe that the values of the 
streamwise velocities (𝑢𝑥)upstream of vane values close to the mean flow velocity but downstream 
of vane, the values take a different values, we are also plot the theoretical profile of velocities as 
Keulegan to compare profiles, upstream of vane velocities complete with the Keulegan profile.  
 
Velocities distributions indicated that the vortex generated by vane was appearing at approximately 
20-cm and extended to 140-cm downstream from the vane centerline (from three times of vane 
height – 3H to ten times of vane height – 20H); the centerline of the vortex was on the centerline of 
the vane.   
 
Compared transverse velocity component (𝑢𝑦) between 2 sections, one at – 55 cm (x/H = -7.86) 
upstream of vane and one at 15 cm (x/H = 2.14) downstream of vane on x-axis, we can observe 
that; transverse velocities upstream (without vane) are closed to zero, but downstream just 15 cm on 
x-axis from the centerline of vane takes zero values right and left of vane on y-axis, then takes 
negative values till – 10 cm/s on the centerline of vane, when plotted more sections downstream of 
vane we can see that all transverse velocities takes negative values in the area affected by vane, the 
result of that is the presence of vortex and we can demonstrate that the centerline of the vortex was 
on the centerline of the vane.  
 
Vertical velocity component (𝑢𝑧) in y-z distributions profiles on the left (pressure side) and right 
side (suction side) of the vane, indicated that there are vertical positive velocity component between 
5 and 12 cm/s, and vertical negative velocity component between -5 and -12 cm/s respectively. 
Comparison between experimental results and Odgaard theory, results indicate that the 
experimental data was according to the theory.  
 
The circulation Γ at different sections downstream of vane were calculated, values indicate that the 
vortex start to disappear at 10 times of vane height downstream, also the maximum value of 
circulation was at the x = 25 cm (x/H = 3.57), Γ = 0.02768(m2/s). The mean circulation value in 
the entire cross sectional area as experimental results was = 0.021 (m2/s), but the value given by 
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Odgaard theory was = 0.018 (m2/s), we noted that the experimental results were according to the 
theory. Also, Eddy viscosity, 𝜀 as experimental results was = 0.00022 (m2/s) and the value given 
by Odgaard was = 0.00023 (m2/s).  
 
From the final bed topography after all experiments done, we observed that the sediments 
accumulated downstream of vane in tow dune parts, one start just 60-cm downstream of vane and 
the other start about 120-cm from vane centerline. First dune has 80=cm width, and about 1-m 
length with 5-cm height on its center, takes a curve shape, the centerline of that dune takes exactly 
the end point of the vane and its symmetric in shape. Second dune has 80=cm width, and about 1-m 
length with 6-cm height on its center, takes a curve shape, the centerline of that dune takes exactly 
the center line of the vane and its symmetric in shape.  
 
Dunes accumulated during the time of operation, each measurement (from z=1 to z=8) take about 
45 hours, the total time of operation in all experiments are 592,04 hours approximately 
downstream, and 48,29 hours upstream of vane, that meaning the all time were 640,33 hours 
including about 96 hours operating to reach the steady state. (We should to indicates that the 
measurements doesn’t were in order for the reason of facilities during the operation of channel). 
The order of measurements was: z=2, z=1, z=5, z=4, z=3, z=8, z=7, and finally z=6-cm from bed 
channel.    
 
All pressures experiments were done with the same; angle of attack α = 20°, vane length L = 25 cm, 
and flow discharge Q = 116,62 l/s, but with different; vane height, flow depth, and mean flow 
velocities, results of 6 experiments done to calculate experimental Drag, Lift forces and 
coefficients. Experimental perpendicular force acting on the vane = 0.16239 N, and the value given 
by Odgaard theory was = 0.1496 N, experimental and theoretical are almost the same.  
 
Upstream of vane; the values of skewness factor are close to zero along the vertical axis z/d, and 
downstream of vane; the skewness factor near bed-channel are negative values, and close to zero 
between z/d = 0.35 to z/d = 0.5. 
 
The flatness factor or kurtosis factor increases from the positive values near the bed (z/d < 0.15) to 
its maximum values equal to + 6 at the height z/d = 0.25, and again decreases to equal + 3 at the 
height of about z/d = 0.35 for profiles at y/L = - 0.8. 
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High positive Reynolds turbulent shear stress 𝜏𝑥𝑦values appear in the right side (suction-side) and 
downstream of vane, on the other hand, the negative values of 𝜏𝑥𝑦 appear in the left side (pressure-
side) and downstream of vane just at the end of the vane, these changes between positive and 
negative values indicates the magnitude of the vortex and the second circulation generated by vane. 
There are significantlychanges downstream of the vane just about 3 times of the vane height (3H) 
and at the centerline of vane on y-axis.  
At the centerline of the vane y/L = 0:  
- Upstream of vane; the values of Reynolds turbulent shear stress τxyare close to zero along 
the vertical axis z/d, and downstream of vane; are also close to zero, but high positive values 
presents at the sections located downstream of the vane at heights z/d = 0.05 and z/d = 0.20, 
the values increased to reach its maximum value about 30 τo (30 times of normal shear 
stress). 
- Upstream of vane; the values of Reynolds turbulent shear stress τxz are small negative 
values along the vertical axis z/d, and downstream of vane; are takes high positive values its 
maximum values 20 τo (20 times of normal shear stress) in sections located downstream of 
the vane at heights between z/d = 0.20 to z/d = 0.35, and negative values, its maximum 
value are 30 τo (30 times of normal shear stress) in sections located downstream of the vane 
at heights z/d = 0.5.    
- Upstream of vane; the values of Reynolds turbulent shear stress τyzare close to zero along 
the vertical axis z/d, and downstream of vane; are takes high negative values its maximum 
values 40 τo (40 times of normal shear stress) in sections located downstream of the vane at 
heights z/d = 0.25 and z/d = 0.3, and positive values, its maximum value are 20 τo (20 times 
of normal shear stress) in sections located downstream of the vane at heights z/d = 0.35.   
- Upstream of vane; the values of Reynolds turbulent normal stresses τxx, τyy and τzz are 
close to 50 τo (50 times of normal shear stress) along the vertical axis z/d, and downstream 
of vane; are takes high positive values its maximum values 200 τo (200 times of normal 
shear stress) at sections located downstream of the vane at heights z/d = 0.3 and z/d = 0.4.      
The vertical distributions (profiles) of turbulent kinetic energy 𝑘 in the channel, at the centerline of 
the vane y/L = 0: upstream of vane; the values are close to zero along the vertical axis z/d, and 
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downstream of vane; are close to 20 (cm/s)2 = 50 𝜏𝑜(50 times of normal shear stress), but high 
values presents at the sections located downstream of the vane at heights from z/d = 0.2 and z/d = 
0.40, the values increased to reach its maximum value about 90 (cm/s)2 = 220 𝜏𝑜(220 times of 
normal shear stress).  
The vertical distributions (profiles) of turbulent dissipation energy 𝜀 in the channel, at the centerline 
of the vane y/L = 0: upstream of vane; the values are close to zero along the vertical axis z/d, and 
downstream of vane; are close to 0.5 ×  10−3 (𝑐𝑚2/𝑠3) = (0.006 times of channel power) near bed 
channel, and high values presents at the sections located downstream of the vane at heights from z/d 
= 0.2 and z/d = 0.45, the values increased to reach its maximum value about 3 ×  10−3 (𝑐𝑚2/𝑠3)= 
(0.036 times of channel power), the energy dissipate downstream of vane and the vortex disappear 
completely.  
Turbulence intensities: 
- Streamwise turbulent intensity component T. Ix profiles results shows that: at y/L = 0.8 (20-
cm left of vane on y-axis), there are no high changes in turbulence intensity, the maximum 
value reach to 18 %, but at section y/L = 0 (centerline of vane on y-axis) decrease rapidly 
towards the bed channel causing the damping of the streamwise fluctuations, at sections 
downstream of vane between z/d = 0.2 and z/d = 0.35 streamwise turbulent intensity reach 
to 25 % and about 18 % near the water surface, finally reach to 15 % near bed channel, 
upstream of vane the intensity was constant along the water depth at 15 %.     
- Transverse turbulent intensity component T. Iy profiles results shows that: at y/L = - 0.8 (20-
cm left of vane on y-axis), there are no high changes in turbulence intensity, the maximum 
value reach to 15 %, but at section y/L = 0 (centerline of vane on y-axis) decrease rapidly 
towards the bed channel causing the damping of the transverse fluctuations, at sections 
downstream of vane between z/d = 0.2 and z/d = 0.4 transverse turbulent intensity reach to 
30 % and 20 % near the water surface, finally reach to 10 % near bed channel, upstream of 
vane the intensity was constant along the water depth at 15 %.   
- Vertical turbulent intensity component T. Iz profiles results shows that: at y/L = - 0.8 (20-cm 
left of vane on y-axis), there are no high changes in turbulence intensity, its maximum value 
is 16 %, but at section y/L = 0 (centerline of vane on y-axis) decrease rapidly towards the 
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bed channel causing the damping of the transverse fluctuations, at sections downstream of 
vane between z/d = 0.2 and z/d = 0.4 transverse turbulent intensity reach to 40 % and about 
25 % near the water surface, finally reach to 5 % near bed channel, upstream of vane the 
intensity was constant along the water depth at 8 %.    
The vertical distributions (profiles) of turbulent length scale 𝜂𝑘 in the channel, at the centerline of 
the vane y/L = 0: upstream of vane; the values are close to 1.4 × 10−3 cm along the vertical axis 
z/d, and downstream of vane; are close to 1.1 ×  10−3 cm near bed channel, and low values 
presents at the sections located downstream of the vane at heights from z/d = 0.2 to z/d = 0.45, the 
values decreased to reach its minimum value about 0.8 ×  10−3 cm.  
The vertical distributions (profiles) of turbulent time scale 𝑡𝜂 in the channel, at the centerline of the 
vane y/L = 0: upstream of vane; the values are close to 0.2 seconds along the vertical axis z/d, and 
downstream of vane; are close to 0.125 seconds near bed channel, and low values presents at the 
sections located downstream of the vane at heights from z/d = 0.2 to z/d = 0.45, the values 
decreased to reach its minimum value about 0.05 seconds. 
The vertical distributions (profiles) of turbulent velocity scale 𝑢𝜂 in the channel, at the centerline of 
the vane y/L = 0: upstream of vane; the values are close to 0.008 cm/s along the vertical axis z/d, 
and downstream of vane; are close between 0.008 cm/s and 0.01 cm/s near bed channel, and high 
values presents at the sections located downstream of the vane at heights from z/d = 0.2 to z/d = 
0.45, the values decreased to reach its maximum value about 0.013 cm/s.  
Turbulent kinetic energy spectrum E(k) have a very large variance so that the spectrum has very 
large oscillations. To decrease the variance, the frequency smoothing is usually applied using 
spectral windows. In our analysis, the relative shape of the spectrum was more important than the 
actual values, since only the shape was needed to identify the Kolmogorov inertial sub range and 
other frequency sub ranges. 
The inertial sub range within which “–5/3 Kolmogorov power law” applies sub range of 
frequencies are detected in the channel centerline. At 1-cm height from the channel bed, the inertial 
sub range is located between frequencies 1.0 Hz to 10.0 Hz, at 3-cm from bed; the inertial sub range 
is located between frequencies 2.0 Hz to 12.0 Hz. 
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Some examples of turbulent fluctuating velocities quadrants at different points of the channel were 
analyzed, we observed that the distribution of turbulent fluctuation velocities 𝑣𝑥
′  - 𝑣𝑦
′ , 𝑣𝑥
′  - 𝑣𝑧
′ and 𝑣𝑦
′  
- 𝑣𝑧
′ there are some changes of its behaviors; there are correlation between the velocities on the x-
axis of the channel (longitudinal), the y-axis (transverse-horizontal) and the z-axis (transversal-
vertical), also there are tow shear stresses appear in tow different directions at the same point. 
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6.3 Research needs 
 
It’s recommended that to study physical fluid turbulence with submerged vanes by numerical 
model as Large Eddy Simulation (LES), to compare and validate experimental data studied in this 
investigation. 
 
Also it’s very important in the future to study turbulence fluid dynamics experimentally in channel 
with diversions or intakes, to understand well the sediment movement and improve submerged 
vanes design.  
 
On the other hand, we can use pressures, drag and lift forces, drag and lift coefficients experimental 
results to modify the performance of submerged vanes in the nearest future.   
 
Studying submerged vanes as a new application with piles of bridges, it may be improve the local 
scour conditions causing by piles, Professor Allen Bateman has a large experience in this field, also 
as application at the hydroelectric stations to avoid the sediment entering to the pump zone. 
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Appendix A  Results – Velocities 
 
A.1 Streamwise Velocities Distribution 
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A.2 Transverse Velocities Distribution 
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A.3 Vertical Velocities Distribution 
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Appendix B  Results – Bed Topography 
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Appendix C  Results – Submerged Vanes Turbulence Statistics 
 
C.1 Standard Deviation, Skewness and Kurtosis Factors 
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C.2 Reynolds Normal and Shear Stresses 
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C.3 Turbulent Kinetic Energy and Rate of Dissipation 
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C.4 Turbulence Intensities 
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C.5 Kolmogorov Scales 
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Appendix D  Results – Submerged Vanes Advanced Turbulence 
 
D.1 Kinetic Energy Spectrum 
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D.2 Turbulent Velocities Fields 
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D.3 Fluctuating Velocities and Reynolds Stresses Histograms 
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Appendix E  Results – Pressures 
 
